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ABSTRACT 
 
Sara A. Turner: Dynamic Step-Growth Polymer Materials 
(Under the direction of Valerie Sheares Ashby and Sergei S. Sheiko) 
 
 Over the past hundred years, polymers and plastics have become increasingly common 
materials for use in construction, transportation and personal objects, in many cases replacing 
materials such as wood, stone and metal. In recent decades, attention has turned towards the use 
of polymers as active, dynamic materials capable of responding to their environment and 
performing useful work.   
 The present work describes the synthesis and application of three unique dynamic step-
growth polymer materials. A copolyester poly(octylene adipate)-co-poly(octylene diazoadipate) 
was fabricated into micropatterned surfaces capable of reversible shape memory. An amorphous 
polyester with a low glass transition temperature was endfunctaionalized with 
ureidopyrimidinone moieties and functioned as a degradable supramolecular adhesive capable of 
bonding and debonding on demand. Lastly, a liquid crystalline aramid poly(2,2’-
disulfonylbenzidene terephthalamide) was investigated for use in solid polymer electrolyte 
applications. 
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CHAPTER 1: INTRODUCTION TO DYNAMIC MATERIALS 
1.1 Shape Memory Materials 
1.1.a. Introduction to Shape Memory 
 In the past few decades, scientists have developed sophisticated dynamic materials 
capable of changing shape in response to a stimulus, including liquid crystalline polymers,1 
azobenzene-based polymers,2 lower critical solution temperature materials,3 and shape memory 
polymers.  Shape memory polymers (SMPs) are a class of dynamic materials that can be 
programmed to transition from one encoded shape to a second encoded shape upon the 
application of a stimulus such as heat,4 light,5 or magnetic fields.6 SMPs are often the most 
viable option as biological mimics and for engineering applications, since they are the only 
stimuli-responsive material in which both material shapes may be programmed.  Therefore, 
shape transitions in SMPs are wholly programmable, and not an intrinsic result of motions at the 
molecular scale. 
 Programmable transformations such as from sheets to cubes, lines to coils, and threads to 
knots have been well documented and point to many practical applications.7-9 Lendlein and 
Langer fabricated biodegradable SMPs into self-tying sutures,4 and Gall produced a shape 
memory stent programmed to actuate from a collapsed form to an expanded form at body 
temperature (Figure 1).8 Although these systems show promise, the practical utility of shape 
memory systems is severely curtailed because in the absence of a permanently imposed force, 
 2 
each programmable transformation may only occur once.  Such inherent irreversibility obstructs 
truly dynamic, responsive behavior in shape memory polymers. 
  
Figure 1. Shape memory polymers have potential use in biomedical applications. (a) A shape 
memory stent transitions from a compact state to a deployed state.8 (b) Self-tying sutures at 
varying stages in a shape memory transition.4 
 
Shape memory actuation from one encoded shape to another requires that a polymer 
material contain two distinct network scaffolds, each capable of “memorizing” a distinct shape.  
Semi-crystalline elastomers are ideal candidates for shape memory materials, because they 
contain a network of chemical crosslinks and a network of crystallites that serve as physical 
crosslinks.  A multiple-step programming process is required to prime a semi-crystalline 
elastomer for shape memory actuation.  The polymer is first cured in a mold, resulting in the 
formation of a specific shape secured by a dual network of covalent crosslinks and crystallites.  
This equilibrium shape is then programmed into a temporary shape by heating to a temperature 
above the melting transition of the crystallites, applying a deformation, and then quenching to a 
temperature below the crystalline transition.  This process results in a metastable shape, wherein 
the strained conformation of the chemical network is held by a percolated scaffold of crystallites 
even after the external force is removed (Figure 2).  As long as the crystallites remain intact, the 
sample is stable in this shape indefinitely.  When the sample is heated to > Tm, however, the 
 3 
crystalline regions within the sample melt and the polymer relaxes to its entropically preferred 
equilibrium shape encoded by chemical crosslinks. This process results in irreversible, one-way 
actuation; once the crystallites are removed by melting, all memory of the temporary shape is 
lost. 
The ability of a shape memory material to fix its metastable shape is quantified by shape 
fixity, Rf(%)=(εu/εm)x100, where εu is strain after unloading and εm is temporal strain after 
deformation.  The subsequent application of a certain external stimulus restores the original 
shape. The ability to restore the permanent shape is quantified by shape recovery, Rr(%) = (εu- 
εp)/(εm- εp), where εp is the permanent strain after heat induced recovery.9 
 
 
Figure 2. Shape memory programming and activation of a semi-crystalline thermoset. The 
original sample is heated to melt all crystallites, deformed, and cooled to produce crystallites that 
secure the temporary shape. Upon heating above the Tm the crystallites melt and the sample 
returns to the original shape.  
 
1.1.b. Shape Memory Miniaturization 
As discussed previously, shape memory can be utilized to memorize a variety of 
macroscopic shapes, including rods, coils, knots, and many others,10-12 depending on the shape of 
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the mold used and the deformations applied.  The current interest in miniaturization, however, 
has prompted the quest for smaller shape shifters.13,14 The mechanism for shape memory in semi-
crystalline elastomers requires two types of crosslinks in order to function: chemical crosslinks 
to encode the equilibrium shape, and crystallites (physical crosslinks) to encode the temporary 
shape.  The size of these crosslinks therefore determines the resolution possible with shape 
memory programming; programmed shapes must be larger than the crosslinks used to encode 
them.  The crystallites are larger than the chemical crosslinks and therefore the limiting factor in 
determining shape resolution.   
Lendlein and coworkers recently reported a thorough investigation into the resolution 
limitations for shape memory materials.15 According to their results, miniaturization is a viable 
option for shape memory polymer actuators.  The group reported that crystallite size and overall 
polymer crystallinity in micron-sized polymer materials is sufficient for shape memory behavior, 
and they successfully programmed and actuated spherical particles as small as 4 – 7 µm in 
diameter (Figure 3). 
 
Figure 3. Limits of miniaturization. (a) Full shape memory functionality of shape memory 
particles > 4 – 7 µm with excellent shape fixity and recovery. (b) Impact of particle size on 
crystallinity (Χc) and crystallite sizes, as measured by wide-angle x-ray spectroscopy.15 
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 Lendlein and coworkers were unable to prove the functionality of shape memory 
nanoparticles, but researchers in the Ashby lab have recently reported the first example of shape  
 
Figure 4. Micro- and nanoscale shape memory particle transformations. Fluorescent microscope 
images are shown with corresponding scanning electron microscopy images as insets.  The 
bottom image demonstrates the ability to make nanoscale shape memory particles.16 
 
 
 6 
memory micro- and nanoparticles fabricated from aliphatic polyesters in a variety of shapes 
utilizing Polymer Replication in Nonwetting Templates (PRINTTM) technology developed in the 
DeSimone laboratory.16,17 Their work mostly focused on the many shape memory 
transformations possible for microparticles, but they also included a proof-of-concept showing 
that nanoscale shape memory actuators are accessible as well (Figure 4). 
1.1.c. Shape Memory Surfaces 
 The miniaturization of shape memory discussed previously can be applied to 
micropatterned surfaces as well.  A surface serves as an interface between bulk material and the 
surrounding environment, and properties inherent to the surface such as topography and surface 
energy have a large influence on function.  Dynamic surfaces capable of switching from one 
state to another are of interest for applications including switchable adhesion,18 optics,19-21 and 
cell signaling.22-24 Micropatterned shape memory surfaces can be fabricated with procedures 
similar to those discussed previously—equilibrium and temporary micropatterned topographies 
are programmed by distinct crosslinking networks, and actuation results in a switch from one 
surface topopraphy to another.  
 Micropatterned shape memory surfaces have proved particularly useful in a few key 
applications. Reddy et al. developed shape memory surfaces capable of switchable adhesion 
inspired by the unique topography of gecko footpads.18 The team utilized imprint lithography to 
emboss micropillars on a shape memory polymer (Figure 5), and saw significant changes in 
adhesion as quantified by indentation measurements. 
 Other efforts include developing embossed shape memory materials that actuate at 
physiological temperatures in order to be compatible with mammalian cells.25-26 Scientists 
working in biomaterials development have found that some cellular phenomena, including 
 7 
growth and differentiation, are significantly affected by the surface topography of their 
extracellular matrix.  Much work has gone towards understanding the mechanism behind this 
effect and developing patterned materials that can reliably dictate cellular processes. 
 
Figure 5. (Left) Micropillars are embossed using imprint lithography. (Right) Shape memory 
programming of micropillars.18 
 
 Researchers in the Ashby lab programmed thermoresponsive poly(ε-caprolactone) 
surfaces with microchannel arrays that transition in the physiological temperature range, and 
found that they could be used to alter the orientation and alignment of human mesenchymal stem 
cells upon actuation (Figure 6).22 Davis et al. reported a very similar investigation into shape 
memory microarrays that influenced mouse embryonic fibroblast alignment.23 
 8 
   
 
Figure 6. Human mesenchymal stem cells on PCL films. (e) Cells cultured on PCL programmed 
with arrays of 3 µm x 5 µm channels align significantly along the channel axis. (f) Upon return to 
the equilbirum topography, cell alignment dissipates in response to surface transformations.22 
 
 
Figure 7. Cell alignment over time on nanostructured PCL surfaces. Groove alignment changes 
by 90° upon shape memory actuation.24 
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 According to a recent report in Polymer, nanostructured shape memory topographies can 
dictate cellular alignment as well.24 Ebara et al. fabricated poly(ε-caprolactone) surfaces 
featuring nano-grooves that changed their orientation by 90° upon shape memory actuation 
(Figure 7), and reported that the alignment of NIH 3T3 fibroblasts followed the alignment of 
these nano-features. 
 
Figure 8. Macro-, micro-, and nanoscale shape memory programming and actuation. (a) A curly 
equilibrium film (3 cm in length) that has been programmed in a straight temporary shape is able 
to recover to the curly shape upon heating above its Tm. The micro- and nanoscopic shape 
transitions show (b) 10 × 1 µm boomerang shapes to 3 × 3 × 3 µm cubes and then back to 
boomerangs, (c) flat to 3 × 1 µm hexnuts and then return to the flat film, and (D) SEM of 
transition from 200 nm posts to 3 × 3 × 3 µm and then back to 200 nm posts. The redidual cube 
shape is less than hundreds of nanometers in height, demonstrating a near complete transition.27 
 
 More complicated surface transitions are possible as well. Brosnan et al. utilized a variety 
of PRINTTM soft lithographic molds to in order to switch from a patterned temporary surface to a 
patterned equilibrium surface (Figure 8).27 Topographical actuation on multiple length scales (1 
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mm to 100 nm) was easily achieved, and the surface of the material was easily functionalized 
with a variety of alkynes (e.g., hydrophilic to hydrophobic and reactive to nonreactive) using 
copper-assisted Huisgen [3 + 2]-cycloaddition chemistry. The combination of micro- and 
nanoscopic shape memory with surface functionalization produced materials that could tunably 
switch both their surface chemistry and topography as they transitioned through the shape 
memory cycle. These materials are therefore ideal substrates for scenarios in which control of the 
surface chemistry and topography is critical. 
 Most recently, temperature memory surfaces have been investigated for dynamic 
signaling applications—researchers in Germany have imprinted quick response (QR) codes on 
semi-crystalline polyurethane elastomers and programmed them for temperature memory 
actuation.28 Upon heating, the QR code transforms from an unreadable distorted temporary state 
to a readable equilibrium shape (Figure 9). The team conjectures that this result could allow for 
the monitoring of excessive temperature changes of food or pharmaceuticals.   
 
Figure 9. Three programmed QR code carriers are heated.  The temperature at which each code 
becomes readable is indicated with asterisks.28 
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1.1.d. Reversible Shape Shifting 
 Shape memory polymers can exhibit highly complex shape transformations including 
complex coiling, knotting, and folding in response to a vast array of external stimuli.5,8 However, 
this advantage is offset by the intrinsic irreversibility of shape memory transformations. After a 
shape memory has returned to its equilibrium shape in response to an actuation event, the 
polymer cannot return to its temporary shape without a subsequent reprogramming step. 
Reversible switching between one shape and another can be advantageous for many applications 
which require multiple shape switching events between programming, including minimally 
invasive surgery8,29 and hands-free packaging.30,31  
  Reversible shape shifting is not a new concept—there are many classes of materials 
capable of reversibly switching multiple times between two shapes in response to stimuli.32-35 
Unlike shape memory materials, however, in each of these systems only one shape is 
programmable, and the other is a result of intrinsic motions on the molecular scale. For example, 
Sun et al. employed the reversibility of the lower critical solution temperature behavior of a 
roughness-enhanced poly(N-isopropylacrylamide) modified surface to access the first material 
capable of reversible switching between superhydrophobic and superhydrophillic states (Figure 
10).32 Although this process results in a large change in contact angle, the morphology of each 
surface cannot be programmed independently, since the LCST reversibility is a result of the coil-
globule transition at the lower critical solution temperature.  
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Figure 10. Thermoresponsive wettability for a flat PNIPAAm-modified surface. (a) Change of 
water drop profile when temperature was elevated from 25 °C (left) to 40 °C (right) with water 
contact angles of 63.5 ± 2.6° and 93.2 ± 2°, respectively. (b) Diagram of reversible formation of 
intermolecular hydrogen bonding between PNIPAAm chains and water molecules (left) and 
intramolecular hydrogen bonding between C=O and N-H groups in PNIPAAm chains (right) 
below and above the LCST, which is considered to be the molecular mechanism of the thermally 
responsive wettability of a PNIPAAm thin film.32 
 
 Photoisomerization provides another mechanism to access reversible switching.  The 
azobenzene unit is a functional group with well-documented cis-trans photoisomerization 
capabilities in response to light.36 Feng et al. harnessed this unit in their design of fluorine-
containing Langmuir-Blodgett films with switchable wettability (Figure 11a).33 These films 
possess photoreversible wetting over multiple cycles (Figure 11b) due to the cis-trans 
isomerization of the azobenzene unit in response to alternative exposure to UV or visible light 
(Figure 11c).  Like the LCST materials discussed previously, however, this reversible transition 
is an intrinsic result of the photoisomerization, and more complex surface transitions are not 
possible. 
 
 
 
 
 
 
 13 
 
 
 
Figure 11. (a) The photoisomerizing polymer poly{2-hydroxyethyl methacrylate}y-co-{6-[3-
((trifluoromethyl)phenyl)azo]phenoxylhexyl methacrylate}x. (b) Reversible wettability as 
measured by contact angle goniometry for a 11 layer LB film of the photoisomerizing polymer. 
(c) Schematic representation of cis-trans isomerization of the LB films.33 
 
 Liquid crystalline elastomeric materials are another viable source of reversible actuation.  
Liquid crystalline polymers (LCPs) contain rod-like monomer units known as mesogens, which 
impart long-range anisotropy to the LCP under certain conditions.  The anisotropy of 
thermotropic LCPs is temperature-dependent, and upon heating through the anistropic-isotropic 
transition the long-range ordering disappears and macroscopic property changes occur.  De 
Crevoissier et al. synthesized a LC copolymer via radical polymerization from butyl acrylate and 
an acrylate comonomer with a long perfluorinated sidechain.  This polymer is a thermotropic 
LCP exhibiting a smectic phase < 35 °C and an isotropic phase at higher temperatures (Figure 
12).34 
A) B) 
C) 
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Figure 12: Schematic of the transition of a perfluorinated side-chain LCP between the smectic 
and the isotropic phase.34 
 
 Probe tack testing indicated that tack energy per unit surface decreased considerably upon 
transitioning from the smectic to the isotropic regime. Because LC transitions are reversible, the 
adhesion and tack of this system can be modulated indefinitely.   
 Wu et al. also utilized a thermotropic LCP to access to a surface with switchable wetting 
properties.35 An LC elastomer was patterned with microscale pillars, whose geometry changed 
when heated above the nematic-isotropic transition at 125 °C (Figure 13). The wettability of 
these reversibly switching surfaces was monitored via goniometry, and contact angle switches up 
to 40° were observed.   
 
Figure 13: Schematic of a microstructured LC elastomer with switchable wettability around the 
nematic-isotropic transition.35 
 
 The materials described above are advantageous because their reversible capabilities 
allow for extended and repeated use. However, all of these materials rely on fixed molecular 
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transitions (LCST, isomerization, liquid crystallinity) that cannot be modified, and therefore the 
only one of the material shapes or states can be programmed.   
1.1.e Reversible Shape Memory 
Biological systems have the ability to program reversible shape changes in response to 
cues from their environment. While a variety of adaptive and stimuli-responsive materials like 
hydrogels,37-42 liquid crystalline elastomers,1,43-45 and shape memory materials, 5,9,30,31,46-52, have 
been developed, mimicking programmable behavior in a reversible way remains elusive. Shape 
memory polymers (SMPs) have two distinct advantages in this domain: First, SMPs can exhibit 
highly complex shape transformations (coils, knots, and origami) in response to a vast array of 
external stimuli.5,48,53-56 Second, both initial and final shapes can be programmed and re-
programmed multiple times. However, these advantages are offset by the intrinsic irreversibility 
of shape memory transformations.   
We have recently reported a general approach for enabling reversible shape memory 
between programmable shapes in semi-crystalline elastomers with uniform chemical 
composition and without applying a persistent external force. This behavior stems from the 
correlated interplay between a crystalline scaffold and a network of chemical cross-links, each 
capable of encoding a distinct shape (Figure 14).  Thermodynamically driven relaxation of 
extended polymer chains on heating is inverted by kinetically preferred pathways of polymer 
crystallization on cooling.  
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Figure 14: Covalent chemical crosslinks (purple squares) and physical crosslinks (crystallites) 
are both present in semi-crystalline elastomers, and each is responsible for encoding a unique 
shape.  It is possible to reversibly switch between these two shapes by partial melting and 
subsequent cooling. 
 
The resulting reversible shape transformations are neither mechanically nor structurally 
constrained, thereby allowing for multiple switching between a multiplicity of encoded shapes 
without applying any external force. We conjecture that virtually all semi-crystalline elastomers 
can be tailored to exploit this new mechanism of reversible shape memory transformation, 
considerably extending the range of practical applications, e.g., minimally invasive surgery53,29 
and hands-free packaging.30,31 Traditionally, polymer crystallites have been viewed as 
mechanical constructs embedded in amorphous networks that fasten a temporary shape. Those 
morphological constraints merely disappear on melting to recover the original shape. We have 
reconsidered this simple picture of semi-crystalline elastomers and demonstrate that the network 
of crystallites plays an essential steering role in shape-memory behavior. In addition to 
counterbalancing the entropic elasticity of the amorphous network, crystallites encode an 
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architectural scaffold within the semi-crystalline polymer. Reversibility of shape transformations 
is achieved through partial melting of this scaffold, leaving a latent template behind that in turn 
prompts recovery of the original shape on cooling by steering crystallization along kinetically 
preferred pathways to replicate the scaffold. By controlling the melting and recrystallization 
processes, we can shift and expand the reversibility range without the need to change the 
elastomer’s chemical structure. In sum, we have developed a general strategy for reversible 
shape memory (RSM) that can be applied to conventional semi-crystalline elastomers.  
 
1.2 Dynamic Supramolecular Adhesives 
1.2.a Introduction to Supramolecular Polymers 
 Supramolecular polymers are a subset of soft materials that utilize secondary interactions 
rather than covalent bonding to polymerize monomeric or oligomer units.57 The development 
and characterization of supramolecular materials has been the focus of extensive research 
recently because these materials possess certain distinct advantages in processing and properties 
when compared to their traditional synthetic analogues.  The unique properties of supramolecular 
polymers are born out of the inherent reversibility of the secondary interactions, which we can 
consider as dynamic equilibria between two states. Figure 15a shows a generalized equilibrium 
between two distinct states A and B, which are present in amounts dictated by their rate 
constants k-1 and k1, respectively.  This equilibrium may be shifted to favor the products or the 
reactants, resulting in a change in the relative amounts of A and B. 
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Figure 15: Schematic of equilibrium considerations in supramolecular polymer materials. (a) An 
equilibrium between two states “A” and “B” serves as a model for the reversible supramolecular 
interactions discussed here.  k1 governs the formation of B, and k-1 governs the formation of A, 
and the equilibrium constant K is the ratio of k1 and k-1. (b) Schematic of the equilibrium 
between disassociated supramolecular units and a supramolecular polymer, governed by the rate 
of association (ka) and the rate of dissociation (kd). (c) Schematic of the equilibrium between an 
alternative set of supramolecular monomers. 
 
 The dynamics of supramolecular polymers are governed by equilibrium relationships, 
and one such example is shown in Figure 15b.   In this instance, supramolecular monomers exist 
in equilibrium with a polymer consisting of these units.  The rate of formation (or 
polymerization) of the supramolecular polymer is governed by the association constant ka and 
the rate of depolymerization is governed by the dissociation constant kd.  This equilibrium may 
be shifted either towards polymer or monomer formation by varying the surroundings with 
stimuli such as heat or light.58 Although the alternative supramolecular architecture depicted in 
Figure 15c requires different reaction stoichiometry, this system is also dependent upon the 
equilibrium between polymerization and depolymerization, as are all supramolecular polymer 
systems.   
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 The inherent reversibility of supramolecular interactions provides materials properties 
that are inaccessible with traditional covalent polymers.  Many supramolecular polymers 
depolymerize as their temperature increases and thus have low melt viscosity at elevated 
temperatures, but maintain good mechanical properties at lower temperatures when the 
equilibrium favors polymerization.59 They are attractive candidates for applications in self-
healing,60 adaptability,61 biological delivery,62 stimulus response,63 or switchable surface 
properties.64 
 A variety of secondary interactions can be utilized to generate supramolecular materials.  
For example, chain-folding copolymers containing donor and acceptor moieties capable of π-π 
stacking form supramolecular networks, as shown in Figure 16.  This system consists of a 
mixture of two complimentary polymers bearing either pyrenyl or triethylenedioxy-diimide 
residues, and has the ability to self-heal damaged areas at elevated temperatures.65 
 
Figure 16: (a) The polymer bearing triethylenedioxy-diimide electron acceptors and (b) the 
polymer bearing pyrenyl electron donors together form (c) a supramolecular network under 
appropriate conditions.65 
 
 Varley et al. utilized an ionomer, partially neutralized poly(ethylene-co-methacrylic acid) 
as a self-healing material (Figure 17).66 In this system, the healing is actually initiated during the 
thermal energy transfer that occurs during a ballistic damage event.   
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Figure 17: Partially neutralized poly(ethylene-co-methacrylic acid), an ionomer with self-healing 
capabilities.66  
 
 Metal-ligand binding is another widely utilized secondary interaction used to generate 
supramolecular polymers.  For instance, Beck et al. synthesized poly(tetrahydrofuran) 
endfunctionalized with the tetradentate ligand 2,6-bis(benzimidazolyl)-4-oxypyridine.67  A 
supramolecular network of these polyethers was formed in the presence of metal ions capable of 
binding in a 1:2 ratio such as Fe(II), Co(II), Zn(II), and Cd(II) (Figure 18). 
 
Figure 18: Structure of the metal-ligand binding interaction of 2,6-bis(benzimidazolyl)-4-
oxypyridine with Zn2+, and a schematic representation of the chain extension resulting from this 
secondary interaction.67,68 
 
  The best-studied supramolecular materials today are those incorporating hydrogen 
bonding moieties.  Hydrogen bonds are strong intermolecular interactions of the type X-H---A, in 
which X and A are electronegative atoms,69 and they play an important role in many biological 
systems.  For instance, the hydrogen bonding interactions that occur between water molecules 
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cause the molecules to form a hexagonal lattice upon crystallization, resulting in solid water (ice) 
that is less dense than liquid water and a planet Earth that is able to support life.70 Hydrogen 
bonding is a key feature in DNA as well—it is responsible for the assembly of DNA strands via 
the selective pairing of adenine-thymine and guanine-cytosine units.71  
 
Figure 19: Schematic of UPy structure and binding mode. 
 Units bearing multiple hydrogen bonds (MHBs) are especially strong, and are therefore 
attractive for use in supramolecular materials.  The ureidopyrimidinone (UPy) unit, for example, 
is a quadruple hydrogen bonding moiety with a donor-donor-acceptor-acceptor geometry (Figure 
19) that has an interaction strength approaching that of covalent bonds (Table 1).72 
Table 1: Selected interactions and bond strengths72 
Interaction Type Strength (kJ/mol) 
van der Waals 50 
H-bonding 5-65 
UPy 145 
covalent 350 
 
 MHBs have been exploited in a variety of applications requiring reversibility.  
Zimmerman and Long have both found inspiration in DNA binding to develop supramolecular 
adhesives capable of bonding and debonding on demand.73,74  Long et al. synthesized polystyrene 
functionalized with thymine and showed that they could be reversibly attached and detached 
from a silicon surface functionalized with adenine (Figure 20).73 
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Figure 20: Schematic of hydrogen bonding between an adenine-functionalized silicon surface 
and thymine-functionalized polystyrene.73 
 
 Zimmerman developed a similar system that utilized DNA base pair mimics to improve 
the adhesion between a polymer and a glass or silicon surface.  This work required surface 
functionalization with ureido-7-deazaguanine units and polystyrene functionalization with 2,7-
diamidonaphthyridine, and resulted in an improvement in the interfacial properties between the 
polymer and the surface (Figure 21).74  
 
Figure 21: (a) Schematic representing the improved adhesion between polystyrene and a glass or 
silicon surface due to hydrogen bonding across the interface (b) structures and binding mode of 
the ureido-7-deazaguanine (DeUG) and 2,7-diamidonaphthyridine (DAN) units.74 
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Figure 22: (a) Schematic illustrating that scission in conventional polystyrene-b-poly(butyl 
acrylate)-b-polystyene triblock copolymers cannot be healed with a stimulus such as heat or 
light. (b) Schematic illustrating that supramolecular triblock copolymers can be healed due to the 
dimerization of UPy-like units in the soft poly(butyl acrylate) phase.75 
  
 Zhibin Guan and coworkers synthesized supramolecular triblock copolymers of 
polystyrene-b-poly(butyl acrylate)-b-polystrene with self-healing capabilities, due to the 
presence of the modified UPy units as MHBs that dissociated upon stimulation and re-associated 
to heal cracks and defects.  These particular materials were an important improvement for 
mechanically robust self-healing materials (Figure 22).75 
 UPy units are an attractive source of multiple hydrogen bonding for a number of reasons.  
UPy dimerization is very strong72 as well as highly directional and reversible, which makes it an 
ideal unit for accessing linear supramolecular polymerization.76 They are also self-
complementary due to their donor-donor-acceptor-acceptor type geometry, so it is not necessary 
to consider endgroup stoichiometry in order to induce a large degree of supramolecular 
polymerization.77 Furthermore, they are easy to synthesize and attach to a number of 
nucleophilic endgroups, and are thus broadly useful in different polymer systems.78   
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Figure 23: UPy-functionalized poly(ethylene-co-butylene) was used to make adhesives capable 
of bonding and debonding on demand due to association or dissociation of the UPy dimers.79 
 
 Recently, Heinzmann et al. have developed the first example of a supramolecular 
adhesive capable of bonding and debonding on demand in response to light as a stimulus.79 In 
this report, hydroxyl-terminated poly(ethylene-co-butylene) was endfunctionalized with UPy 
units via isocyanate chemistry, and then combined with a light-heat converter Tinuvin 326 in 
order to fabricate supramolecular adhesives responsive to light or heat (Figure 23). 
1.2.b. Introduction to Adhesion 
 An adhesive can be defined as a chemical substance used to join substrates together by 
their surfaces, and takes a variety of forms in today’s manufacturing, biomedical, crafting, and 
service sectors.  The substrates, often referred to as adherands, may be identical or different, and 
are often materials such as metal, wood, glass, paper, or plastic.  A schematic representing the 
primary components of a standard lap shear joint is shown in Figure 24.  An adhesive is used to 
join two adherands, making a joint structure.  An interphase region < 10 nm in thickness exists 
between the adherands and the bulk of the adhesive, and it is in this interphase that interactions 
between the adhesive and the adherands take place.80   
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Figure 24: Schematic of a lap shear joint, consisting of two adherands joined by an adhesive, 
which is composed of a bulk region and two small interphase regions < 10 nm in thickness 
between the bulk adhesive and the adherands. 
 
 An adhesive is a polymeric material that must have sufficient adhesion and cohesion in 
order to function well.  Adhesion refers to the ability of an adhesive to establish and maintain 
interaction with substrates, and is often correlated with the wetting ability of the adhesive.  
Cohesion refers to an adhesive’s ability to maintain its structural integrity and thus the structural 
integrity of the joint.   
 In order to perform its function, an adhesive must therefore be capable of flow and 
wetting during application, but provide strength during use.  There are three primary classes of 
adhesives that are utilized in order to attain these orthogonal requirements: adhesives 
implemented with physical processes (AIPPs), adhesives implemented with chemical processes 
(AICPs), and pressure-sensitive adhesives.   
 AIPPs consist of pre-formed, usually linear, thermoplastic polymers that are deposited in 
a liquid state, either as a solution, emulsion, or melt.  As the solvent dissipates or the hot-melt 
cools, the structural integrity of the joint increases until the cure is complete.80 Common AIPPs 
include the thermoplastics poly(vinyl alcohol) and poly(ethylene-co-vinyl acetate) (Figure 25).  
Poly(vinyl alcohol) is a solvent-based glue commonly used in children’s crafting, and 
Poly(ethylene-co-vinyl acetate) forms the bulk of hot-melt adhesives applied with a “glue gun.” 
 26 
 
Figure 25: Structure of (a) poly(vinyl alcohol) and (b) poly(ethylene-co-vinyl acetate) adhesives. 
 Prior to applications, AICPs consist primarily of monomers that polymerize during the 
cure of the adhesive.  These process results in the formation of crosslinked network thermosets, 
and as such tend to have more robust mechanical properties post-cure than AIPPs.80 Many 
AICPs are considered “structural adhesives” appropriate for applications requiring very strong 
joints.  Common AICPs include cyanoacrylates, polyurethanes and epoxies (Figure 26). 
 
Figure 26: Structures of common AICP glues including (a) epoxies (b) cyanoacrylates and (c) 
polyurethanes. 
 
 PSAs are viscoelastic solids capable of establishing adhesive interactions with finger 
pressure at room temperature.  PSAs are often compounded with various waxes and tackifiers 
and applied to substrates such as paper or polymer films for applications that require reversible 
and reusable adhesion.  They are generally polyacrylate- or silicone-based formulations.80 
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Figure 27: Schematic illustrating the adhesion and degradation of an adhesive consisting of 
poly(ethylene glycol) endfunctionalized with dopamine mimics via dipeptide linkers.  The 
polymer crosslinks oxidatively and binds to a tissue substrate to form an adhesive hydrogel.  
Neutrophil elastase cleaves the dipeptide bond and degrades the network.81 
 
 The pervasive enthusiasm for environmentally friendly or “green” technologies has 
extended to adhesives research as well.  Much of this recent work has focused on adhesives 
derived from renewable resources and adhesives capable of controlled degradation.  Messersmith 
et al. created a degradable adhesive hydrogel inspired by the byssal plaque protein in mussels 
responsible for adhesion.  This adhesive consisted of poly(ethylene glycol) endfunctionalized 
with a catechol mimic (Figure 27). This adhesive exhibited good mechanical properties and was 
degradable by neutrophil elastase, although degradation was targeted specifically to the dipeptide 
linker used to join the catechol mimic to the poly(ethylene glycol) and did not result in 
depolymerization of the poly(ethylene glycol).81 
 Becker et al. have also recently developed a mussel-inspired adhesive featuring dopamine 
mimics.  This adhesive is a poly(ester urea) functionalized along the backbone with pendant 
catechol moieties that are responsible for adhesion (Figure 28).82  In contrast to the dopamine-
inspired adhesive described above, this poly(ester urea) based adhesive has a biodegradable 
backbone.83 
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Figure 28: Structure of the poly(ester urea)-based adhesive bearing pendant catechol moieties 
developed by Becker.82 
 
1.2.c. Reversible Adhesion 
 Certain adhesives have the ability to de-bond and re-bond reversibly on demand, a 
capability that is desirable for a number of applications including modular crafting adhesives and 
the painless removal of wound dressings.84 Their main utility, however, lies in the manufacturing 
industry.  Reversible adhesives capable of bonding and debonding on demand could find use in 
repairing complex joints remotely without complete system disassembly, and could also be used 
to facilitate easy materials separation during recycling processes.85 
 There are a number of techniques for accessing reversible adhesion, including 
supramolecular techniques (discussed in Section 1.2.a.) and pressure-sensitive adhesives 
(discussed in Section 1.2.b.).  Structural adhesives are bio-inspired materials that mimic the 
micro- and nanoscale surface textures present on gecko feet and other organisms for reversible 
adhesion to smooth surfaces.86 Stimuli-responsive structural adhesives that can actuate remotely 
in the presence of heat or light have been fabricated, including two shape memory substrates 
patterned with fibrillar morphologies (Figure 29). These adhesive properties of these materials 
change when the substrate goes through a shape memory transition.87,88  
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Figure 29: Switchable structural adhesives inspired by the texture of gecko feet.86 (a) Shape 
memory actuation causes micropillars to return from a bent morphology to a straightened one, 
resulting in a change in the adhesive properties of the substrate.87 (b) A dual-layer structural 
adhesive comprising a shape memory polymer layer and an adhesive layer.88   
   
1.3 Anisotropic Liquid Crystalline Polymer Electrolytes 
1.3.a. Electrolytes: Structure and Function 
 Traditional electrolytes are liquids that conduct electricity as a result of the presence of 
positive and negative ions89 and they are used extensively in the present day, in devices such as 
batteries and fuel cells.  The primary role of an electrolyte is to provide separation between the 
anode and the cathode in an electrochemical device while also allowing for the flow of ions 
between them.90 For instance, in an electrochemical cell the ionic constituent of the chemical 
reaction between the anode and cathode travels from one part of the cell to the other via the 
electrolyte, but and the electronic component of the reaction is forced to travel via an external 
circuit where it performs work.  A schematic illustration of this process in the first Li-ion battery 
is shown in Figure 30.91,92 
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Figure 30: Schematic illustration of the first lithium ion battery.91,92 
 
 One of the most prevalent liquid electrolyte systems is comprised of various alkyl 
carbonates and LiPF6.  Alkyl carbonates are attractive due to their stability for the 4-volt 
cathodes used in lithium ion batteries as well as their high polarity (and thus good conductivity), 
a large usable temperature range, and sufficiently low toxicity.93 Dimethyl carbonate is an 
important component of this electrolyte system, but it is flammable and prevents the large-scale 
application of lithium-ion batteries.94  
 Ionic liquids have the potential to be used as electrolytes in commercial applications as 
well.  Ionic liquids are molten salts at standard temperature and pressure, and have low vapor 
pressure, high thermal stability, a wide electrochemical window, and high ionic conductivity. 
The most common ionic species that are liquid at room temperature include alkylammonium, 
alkylphosphonium, N-alkylpyridinium and N,N’-dialkylimidazolium cations (Figure 31).95 In 
 31 
addition, ionic liquids can be combined with polymeric systems in order to mechanical stability 
and a persistent structure.96-97 
 
Figure 31: Common cations incorporated into ionic liquids.95 
 
 Recently, attention has shifted towards developing polyelectrolytes for lithium-ion 
battery applications.  Polyelectrolytes are water-soluble polymers with many electrically charged 
groups per molecule, 98 and they have the potential to address some of the most pressing 
concerns in electrolyte stability and function.  The solid electrolyte used in the Bellcore plastic 
lithium ion (PLiON) electrolyte allowed for shape versatility, flexibility and lightness, and was 
an important step forward in electronic miniaturization (Figure 32).99,100 There is, however, 
generally a lower mobility of ions in solids as compared to liquids.   
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Figure 32: An assortment of battery architectures. The thinness, flexibility and lightness of the 
plastic electrolyte shown in (d) is unique and opens up possibilities for miniaturization in 
technology.99 
 
1.3.b. Liquid Crystalline Polymers 
 
 Liquid crystals are molecules that show crystal-like order but also flow like liquids.  They 
contain mesogens, which are anisotropic entities that cause anisotropy to occur in these species, 
and they can be either thermotropic (liquid crystalline in a given temperature range) or lyotropic 
(liquid crystalline in solutions about a certain critical concentration).101 Some common liquid 
crystalline phases include the smectic phase, which displays directional anisotropy and 
coterminal molecular chain ends, and the nematic phase, which displays directional anisotropy 
only (Figure 33).102 
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Figure 33: Schematic of molecular ordering in liquids, nematic liquid crystals, and smectic liquid 
crystals.102 
 
 Liquid crystalline polymers (LCPs) contain mesogenic repeat units, and can exhibit 
analogous liquid crystalline phases (i.e. nematic, smectic, etc.) to their small molecule 
counterparts.  LCPs may include main-chain mesogens and/or side-chain mesogens, and these 
architectures have consequences on the bulk properties of these materials.  For instance, liquid 
crystalline melts and solutions tend to have lower viscosities than non-liquid crystalline 
polymers, and they are thus easier to process.  The ordering of the polymer chains during 
processing also tends to lend these materials favorable mechanical properties.102 Because the 
mesogens in LCPs tend to be aromatic moieties, LCPs also tend to be more thermally stable than 
their aliphatic analogues.   
1.3.c Anisotropic Liquid Crystalline Polyelectrolytes 
 
 The main drawback of polymer electrolytes is their inferior ion transport capabilities 
compared to liquid electrolytes.  In order to address this limitation, there has recently been 
interest in developing anisotropic polymer electrolytes in order to improve conductivity between 
the anode and cathode.  Many groups have utilized the self-organization of block copolymers 
incorporating liquid crystalline mesogens to address this issue. Majewski et al. have recently 
reported that poly(ethylene oxide-b-6-(4’-cyanobiphenyl-4-yloxy)-hexyl methacrylate) can be 
fabricated into a membrane material with cylindrical PEG domains aligned in the flow direction, 
and that this material has pronounced anisotropic conductivity (Figure 34).103  
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Figure 34: A poly(ethylene oxide-b-6-(4’-cyanobiphenyl-4-yloxy)-hexyl methacrylate) polymer 
electrolyte developed by Majewski et al. aligns with cylindrical PEG domains in the current flow 
direction.103 
 
 Park et al. also reported that poly(styrenesulfonate-b-methylbutylene) could be aligned 
through various methods to create oriented channels for ion transport.  The observed domain 
orientations were a direct consequence of processing conditions, and the conduction anisotropy 
was quantified for each morphology (Figure 35).104 
 
Figure 35: Processing conditions determined the domain orientation of poly(styrenesulfonate-b-
methylbutylene), with consequences for conduction anisotropy.104 
 
1.3.d Transport properties of poly(2,2’-disulfonylbenzidene terephthalamide) 
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 The synthetic sulfonated aramid polyelectrolyte poly(2,2’-disulfonylbenzidene 
terephthalamide) (PBDT), though previously reported,105 has received renewed interest for ion 
transport applications. This lyotropic LC polymer forms a nematic phase in water above 1.2 
wt%, and exhibits promising alignment and ion transport properties. The PBDT chains can be 
easily aligned in the presence of a magnetic field, and the resulting hexagonal lattice induces 
aligned hydrophilic channels capable of water and Na+ transport (Figure 36).106 PBDT 
membranes can also be ionically crosslinked via substitution of a multivalent cation such as 
Ba2+, resulting in tunable mechanical properties and conductivities.107 
 
 
Figure 36: (a) Schematic of the nematic self-assembly of PBDT in water, forming an aligned 
hydrophilic phase for water and Na+ transport.  (b) The hexagonal lattice model for the PBDT 
phase.106 
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CHAPTER 2: SWITCHABLE MICROPATTERNED SURFACE TOPOGRAPHIES 
MEDIATED BY REVERSIBLE SHAPE MEMORY 
 
2.1 Introduction 
Nature has produced a number of surfaces that utilize a microstructured topography as a 
part of their function—the lotus leaf is endowed with a multilayered topography that provides it 
with superhydrophobicity and thus self-cleaning capabilities,1 and gecko footpads feature small 
bristle-like structures, which aid in adhesion and allow these animals to scale smooth vertical 
surfaces quickly.2 There are countless reports of synthetic surfaces with physical properties 
influenced by microstructure topography,3-6 including adhesion, wetting,7,8 optical diffraction, 
and propulsion effects.9,10 Of particular interest are dynamic surfaces capable of transitioning 
between two or more physically distinct states due to topographical changes.  Liquid crystalline 
elastomers, lower critical solution temperature polymers, and photoisomerizing materials 
responding to electrical, thermal, optical, and mechanical stimuli have all been reported for 
accessing reversibly switching surfaces.11-15 Shape memory surfaces have also been reported to 
switch from one surface topography to another. Some distinct advantages of the shape memory 
process are the ability to program complex shapes,16,17 its applicability to many length scales 
(from the nano- to macroscales),18,19 and its compatibility with well-defined arrays of 
topographic features with long-range ordering.5,20 However, a given transition can only occur 
once before a reprogramming event is necessary.21,22 
We reported above universal principles for enabling truly reversible shape memory 
(RSM) actuation between distinct shapes in macroscopic semi-crystalline elastomers.23,24 We 
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have shown that this widely applicable behavior results form the interplay between a crystalline 
network and a network of chemical crosslinks, each capable of encoding a distinct shape.  In this 
method, reversibility is achieved through the controlled partial melting of a crystalline sub-
network, resulting in partial recovery of the original shape while maintaining memory of a 
temporary shape.  A distinct advantage of the RSM process is that it requires no programming 
steps between actuation events and can be applied to conventional semi-crystalline elastomers.  
Furthermore, the observed behavior is repeatable over multiple actuation cycles without applying 
an external force.   
Herein, we report the first instances of reversibly changing macroscopic objects and 
micropatterned surfaces accessed via RSM.  We utilized the thermosetting polyesters 
poly(octylene adipate) (POA) and poly(octylene adipate)-co-poly(octylene diazoadipate) 
(POAOD)25 as representative semi-crystalline polymers to fabricate materials capable of RSM 
behavior, and to examine property changes using optical microscopy, AFM, DMTA and SEM in 
addition to changes in macroscopic wetting behavior.  Furthermore, we report that these changes 
are reversible and that the magnitude of a RSM surface switch can be tuned.  
2.2 Experimental Methods 
2.2.a Materials 
Adipic acid (Alfa Aesar, 99%), sodium azide (Fluka, 99%) 1,8-octandiol (Goldbio), 2,2-
diethoxyacetophenone (Acros, 98%), diethyl meso-2,5-dibromoadipate (Sigma Aldrich, 98%), 
tin(II) 2-ethylhexanoate (Sigma Aldrich, 95%), scandium(III) triflate (Sigma Aldrich, 99%), 
Novozym 435 (Sigma Aldrich) and 2-isocyanatoethyl methacrylate (TCI America, 98%) were 
used as received.  Solvents were purchased from VWR International.  PRINTTM molds for 
surface embossment were kindly provided by the DeSimone group.   
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2.2.b Polymer Synthesis 
 Diethyl meso-2,5-diazoadipate (DZA)  Diethyl meso-2,5-dibromoadipate (15.000 g, 
41.66 mol) was added to a flask and purged with N2 before the addition of MeCN (200 mL).  
Aliquots of sodium azide (10.833 g, 166.64 mol) were carefully vortexed in dH2O before 
addition of the mixture to the stirring flask.  dH2O was added to a total of 175 mL, before an 
additional purge step.  The reaction was allowed to stir at rt under N2 for 72 h.  The product was 
added to 200 mL Et2O and washed 4x with dH2O before drying over MgSO4.  After filtration, 
the solvent was removed under reduced pressure and stored under high vacuum at 40 °C for 24 
h.  Workup afforded 9.797 g yellow oil (83%).  Note: Small molecules incorporating azides can 
be highly explosive, but no incidents occurred in this work.  A blast shield was placed between 
the reaction and the researcher at all points during synthesis and workup.  1H-NMR (CDCl3): δ 
(ppm) 4.170 (q, 4H, J = 9.6 Hz), 3.850 (t, 2H, J = 4 Hz), 1.898-1.706 (m, 2H), 1.228 (t, 6H).  
 Poly(octylene adipate)-co-poly(octylene diethyl meso-2,5-diazoadipate) (POAOD) 
DZA (3.038 g, 10.69 mmol), adipic acid (6.654 g, 45.56 mmol), 1,8-octanediol (8.472 g, 57.94 
mmol) and Novozym 435TM lipase catalyst (1.8165 g) were added to a flask and purged with N2.  
The reaction was brought to 80 °C and allowed to stir for 2 h.  Pressure was then slowly 
decreased to 80 torr over 4 h, and remained at that pressure for 24 h, at which point pressure was 
lowered to 40 torr and held for another 24 h.  On the third day, pressure was lowered to 20 torr 
and stirred for 4 h.  Upon completion, the polymer was dissolved in CHCl3 and the catalyst was 
removed by filtration, before isolating the polymer product from any remaining monomers in 
solution by redissolving in CHCl3 (5 mL) and precipitation into MeOH (-78 °C).  The 
precipitated polymer was dried overnight under reduced pressure at 40 °C, affording a white 
solid (3,798 g mol-1, 14.8 g, 86%). 1H-NMR (CDCl3): δ (ppm) 4.19 (t, 10.5H, J = 6.8 Hz), 4.05 
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(t, 43.4H, J = 6.8 Hz), 3.91 (t, 4.53H, J = 4.0 Hz), 3.64 (t, 4H, J = 6.6 Hz), 2.32 (t, 44.9H, J = 6.4 
Hz), 1.99-1.80 (dm, 6.1H, J = 63.4 Hz), 1.69-1.54 (m), 1.32 (m). 
 Copolymer endcapping POAOD (4.720 g, 1.05 mmol) was added to a cool, dry rb and 
the flask was purged with N2.  POAOD dissolved upon the addition of dry CH2Cl2 (~25 mL), 
and then 2-isocyanatoethyl methacrylate (0.683 g, 4.41 mmol) was injected by syringe, followed 
by tin octanoate (21.2 mg, 0.052 mmol).  The reaction was stirred under N2 for 24 h and 
monitored by 1H-NMR.  After completion, the solvent was partially reduced to a thicker 
consistency before precipitation into methanol (-78 °C).  The product was isolated by filtration 
and dried overnight under reduced pressure at 40 °C, affording a white solid (4.5468 g, 99%). 
1H-NMR (CDCl3): δ (ppm) 6.14 (s, 2H), 5.63 (s, 2H), 4.24 (m, 17H), 4.12 (t, 67H, J = 6.8 Hz), 
3.97 (t, 6H, J = 4.2 Hz), 3.67 (t, 2H), 3.52 (m), 2.35 (t, 66H, J = 4 Hz), 2.03 (m, 12H), 2.00 (s, 
6H), 1.83 (m, 10H), 1.71-1.55 (m, 162H), 1.43 (s, 166H).   
2.2.c Polymer Characterization 
 Monomers and prepolymers were characterized by 1H-NMR using a Bruker AVANCE 
400 MHz spectrometer.  Prepolymers only were characterized by a Waters gel permeation 
chromatography relative to polystyrene standards, a TA Instruments Q200 differential scanning 
calorimeter (DSC), and a Perkin Elmer Pyris 1 thermogravimetric analyzer (TGA). 
2.2.d Surface Fabrication 
For each substrate, a solution of POAOD (1 g) and DEAP (~20 µL) were dissolved in 1.5 
mL CHCl3, and a Mayer rod (RDS 32) was used to deposit the solution on a backing of 
poly(ethylene terephthalate) before applying a mold and compressing the film with 20 pounds 
per square inch (psi) of force at 80 °C. The POAOD was then irradiated with 365 nm light for 
five minutes to crosslink the film into an embossed topography. Compressed (metastable) 
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topographies were programmed by heating each embossed film above its Tm and compressing 
with 100 psi at 80 °C. The film was quickly cooled to -20 °C to fix the compressed metastable 
topography before removal of the PRINT (particle replication in nonwetting templates) mold. 
2.2.e Surface Characterization 
Thermal Characterization 
 Crosslinked substrates were characterized by DSC and TGA (see section 2.2.c).  
Atomic Force Microscopy 
Boomerang heights were determined with an Asylum Research MFP3D atomic force 
microscope fitted with an Asylum Research Polymer HeaterTM stage. For the variable partial 
melting temperature AFM studies, an initial scan was taken of the substrate in its programmed, 
metastable boomerang topography before it was heated to an elevated temperature between 40-
50 °C at 10 K/min. It equilibrated at that temperature for 60 seconds before performing a 30 
second scan of a 20 x 20 µm area of the boomerangs. The temperature was then decreased at 10 
K/min by applying compressed air (Fisherbrand) to the surface of the sample. A third scan was 
performed upon reaching 25 °C after 60 seconds of equilibration at that temperature. A fresh 
sample was utilized for each unique partial melting temperature. For the repeated heating/cooling 
cycles between T = 25 °C and T = 45 °C (Figure 5c), one sample was heated and cooled multiple 
times at a rate of 10 °C/min, with 15 seconds of equilibration with a 1 minute scan at each 
temperature. Feature heights were calculated using IGOR Pro software version 6.2.2.2. 
Scanning Electron Microscopy 
 SEM images of each topography in its equilibrium and metastable states were obtained 
with a FEI Quanta 200 Field Emission Gun scanning electron microscope with substrate tilted at 
45°. 
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Roughness Measurements 
 The roughness of each equilibrium topography was calculated via the arithmetic average 
of the roughness profile parameter (Ra).  Ra values were calculated using IGOR Pro software 
version 6.2.2.2 on an Asylum Research MFP3D atomic force microscope. 
2.3 Results and Discussion    
 Reversible shape memory (RSM) is a phenomenon derived from conventional shape 
memory of semi-crystalline polymers.  This work utilizes the copolyester poly(octylene adipate)-
co-poly(octylene diazoadipate) (POAOD), which contains crystalline domains due to the 
poly(octylene adipate) segments and amorphous regions arising from the incorporation of 
poly(octylene diazoadipate) segments.  The polymer is synthesized in a step growth 
polycondensation between 1,8-octanediol, adipic acid, and diethyl meso-2,5-dibromoadipate in 
the presence of a lipase catalyst at elevated temperatures (Figure 1).  The melting temperature 
and percent crystallinity may be tuned by varying the copolymer ratio of the crystalline and 
amorphous segments.   The present work utilizes POAODx:y = POAOD17:83 (Tm = 42 °C). 
 
Figure 1: Synthesis and structure of poly(octylene adipate)-co-poly(octylene diazoadipate) 
 The POAOD prepolymer is endfunctionalized with 2-isocyanatoethyl methacrylate in a 
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reaction catalyzed by tin ethyl hexanoate (Figure 2), resulting in methacrylate-functionalized 
telechelic oligomers that can be crosslinked in the presence of ultraviolet light.
 
Figure 2: Endfunctionalizion of POAOD to yield methacrylate-functionalized oligomers 
 RSM employs the same two-step programming protocol to prepare samples for actuation 
as traditional one-way shape memory. In this work, POAOD is first cured in a patterned mold, 
which results in the formation of a specific topography secured by a dual network of covalent 
crosslinks and crystallites. This equilibrium shape is then changed by heating to a temperature 
above the melting transition of the crystallites, applying a deformation, and then quenching to a 
temperature below the crystallization transition. This results in a metastable shape, wherein the 
strained conformation of the chemical network is held by a percolated scaffold of crystallites.  
Figure 3 shows a simplified fabrication scheme using particle replication in non-wetting 
templates (PRINT) molds to fabricate substrates with a range of high fidelity embossed 
topographies.26 For this purpose, a solution of endfunctionalized POAOD is crosslinked into a 
thermoset under UV light inside the mold, yielding an equilibrium substrate with well-defined 
topography.  The equilibrium nature of this topography was ensured by annealing at an elevated 
temperature above the melting transition.  To produce a metastable shape, the substrate was 
heated to T = 70 °C (T < Tf) and compressed by applying an external pressure of 80 psi.  This 
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flattened shape was secured by quenching to T < Tc and crystallizing under pressure.  The 
resulting metastable substrate is primed for either conventional SM or RSM.  
 
Figure 3: Shape programming process consisting of two steps: (i) embossing of a substrate with 
equilibrium surface topography and (ii) uniaxial compression at an elevated temperature 
followed by quenching to a metastable shape. 
 Conventional SM of embossed substrates has been explored by our group and by 
others.9,22,25,28 Here, we show that RSM of surfaces can be applied to a wide array of surface 
embossment patterns and enable reversible switching of surface topographies. Because 
macroscopic surface properties depend on the surface pattern, three unique topographies were 
chosen for extensive investigation: boomerangs, elbows, and cubes. These topographies were 
chosen due to their relative ease of fabrication compared to others. Figure 4 shows SEM images 
of equilibrium (Figure 4a−c) and metastable (Figure 4d−f) substrates after these embossing and 
compressing steps, respectively. Conventional SM requires that a sample be heated to T > Tf 
(shown schematically in Figure 3), the temperature at which all crystallites have melted. But 
RSM demands partial melting to T = Ti, an intermediate melting temperature between the onset 
and completion of melting.23 At this intermediate temperature, the crystallites securing the meta- 
stable shape begin to melt and destroy percolation of the crystalline scaffold, permitting the 
polymer network to relax towards its thermodynamically preferred configuration.  This process 
of limited melting results in a partial recovery of the equilibrium shape. In a semi-molten state, 
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both the remaining lamellae and the amorphous strands are fairly constrained within the polymer 
network, which ensures recrystallization of the crystalline scaffold in their previous position. 
This process pulls the network back into the same entropically strained state in which it was 
previously, resulting in partial restoration of the metastable shape. The extent of reversibility 
(fraction of reversible strain) can be adjusted by controlling the crosslink density and 
intermediate melting temperature.23 Furthermore, the melting transition of a POAOD substrate 
can be tuned by varying the copolymer ratio of octylene adipate and octylene diazoadipate 
segments.25 Incorporating a higher proportion of the former monomer increases the size and 
number of crystalline regions within the polymer network, and thus shifts the melting transition 
towards higher temperatures. The ability to modulate the melting transition for a given 
application is an important advantage of the RSM method. 
 
Figure 4: SEM images of surfaces embossed with (a) boomerangs, (b) elbows, and (c) cubes in 
their equilibrium states, and (d-f) the same surfaces after programming into their metastable 
states. Surfaces viewed at a 45° tilt. Scale bars are 10 µm. 
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 As such, RSM allows for a programmed substrate to transition between physically 
distinct surfaces with repeated partial melting and recrystallization steps. We utilized AFM to 
quantify these surface changes. POAOD17:83 (Tm = 42 °C) was employed to generate a 
boomerang substrate primed for RSM. The boomerang topography was chosen for 
characterization because of its relatively low aspect ratio and the large spacing between features, 
both of which are favorable for quantitative analysis of the surface topography by AFM. Initial 
micrographs confirm the significant difference in height between the equilibrium and metastable 
topographies (Figure 5); in the given 20 × 20 µm2 window, the features in their equilibrium state 
are 669 ± 3 nm and the same features in their programmed metastable state are 88 ± 3 nm in 
height. 
Figure 5: AFM images of boomerang substrates in their (a) equilibrium textured and (b) 
metastable flat topographies.  Height scale is in nanometers.  (c) For a given Ti = 45 °C, 
elongation and compression of boomerang features is shown to be reversible over multiple 
heating and cooling cycles. 
 As a metastable boomerang substrate is heated to an intermediate temperature of Ti = 43 
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°C, partial melting of the crystalline scaffold permits the polymer network to relax back towards 
its equilibrium state, and thus the features increase in height.  Subsequent cooling from Ti results 
in template recrystallization and reversion towards the metastable state, and the features again 
decrease in height.  Maximizing the difference between the equilibrium and metastable heights, 
and thus maximizing reversibility overall, is a matter of interplay between the crosslinking 
network and crystalline scaffold.  On the one hand, enough crystalline lamellae must melt in 
order to allow for a significant change toward the equilibrium state; but on the other hand, a 
significant fraction of the crystalline scaffold must also remain in order to enable and guide 
prompt return towards the metastable state upon recrystallization.  Therefore, the extent of 
feature height modulation that is possible with surface RSM is dependent on the identity of Ti. 
The maximum extent of reversibility is observed at Ti = 45 ± 1 °C, which is slightly above the 
peak of the melting transition Tm = 42 °C of POAOD17:83 (Figure 6).   
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Figure 6: The surface RSM process is dependent on the partial melting temperature Ti utilized.  
For each Ti,, a freshly programmed sample (average feature height h = 88 nm) is heated to a 
partial melting temperature Ti.  For substrates heated to a higher Ti, recovery towards the 
equilibrium topography is more complete (average h at T = Ti is large), but subsequent recovery 
upon cooling to T = 25 °C is less complete (average h at T = 25 °C is also larger).  hTi – h25°C is 
maximized at intermediate values of Ti. 
 In Figure 5c, we show that the RSM of this boomerang substrate is repeatable over 
multiple heating and cooling cycles to Ti = 45 °C.  In previous work, we have found that the 
recovery of the metastable state declines slightly (10% over the first three cycles), but upon 
further cycling it remains consistent.23 Thus, the slight degradation of reversibility in the third 
cycle shown here is consistent with research in reversible shape memory.   
 The ability to modulate surface properties via topography is useful for a variety of 
potential applications, including actuators, tissue engineering, and microfluidics.28,29 To illustrate 
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the tunability of wetting with surface RSM, static contact angle data utilizing glycerol as the 
liquid phase are provided in Figure 7 for each of the topographies (POAOD10:90, Tm = 53 °C) 
undergoing RSM cycles.  The elevated temperatures utilized to acquire this data necessitate a 
high-boiling liquid for the sessile drop to avoid solvent evaporation.  The high boiling point of 
glycerol (290 °C) and its similar surface energy to water make it an ideal substitute for these 
contact angle measurements at elevated temperatures.30 
 
Figure 7: GCAs of the embossed substrates (POAOD10:90, Tm = 53 °C) are reversibly modulated 
by repeated heating and cooling between T = 25 °C and T = 50 °C. All GCAs are measured at t = 
15 s after deposition. 
 Each topography in its programmed metastable state displays 75° < glycerol contact 
angle (GCA) < 80° at t = 15 seconds after drop deposition.  The similarity in wetting behavior of 
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each of these substrates is appropriate considering that each topography almost completely 
flattened, as is apparent in Figure 4d-f.  Upon heating to Ti = 50 °C, the elbow substrate displays 
a modest wetting change (GCA = 96°) as the topography decompresses in a partial recovery of 
the equilibrium state.  The boomerang substrate changes more significantly (GCA = 102°) upon 
heating to the same temperature.  Finally, we show that cubic topography changes the most 
significantly upon heating to Ti (GCA = 105°), consistent with the greater inherent roughness of 
that topography (Table 1),   
Table 1: Roughness profile parameters (Ra) for each equilibrium topography  
Topography Ra (nm)* 
Elbows 262 ± 36 
Boomerangs 219 ± 10 
Cubes 765 ± 110 
*Averages and standard deviation calculated with n = 3 samples. 
 
 Cooling each topography to T = 20 °C results in 83° < GCA < 88°, representing a return 
toward the flattened metastable topography.  We conjecture that the differences among the GCAs 
at Ti occur because those topographies differ significantly from each other, whereas after cooling 
they all return to a more flattened, compressed topography, which is similar to all of them.  The 
original GCAs of the programmed metastable state are not fully recovered upon cooling, 
indicating that the flattened topographies as they appear in Figure 4d-f never re-flatten 
completely; however, the GCA of each of the two subsequent heating and cooling cycles show 
that iterative transitions towards the metastable and equilibrium states are repeatable over 
multiple cycles.  These results also demonstrate the tunability of RSM, as we can produce 
wetting switches of different magnitudes simply by varying the embossment pattern.   
 In addition to the boomerang, elbow, and cubic topographies discussed previously, we 
also fabricated a topography featuring high-aspect ratio pillars, which was capable of reversible 
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shape memory via a bending mechanism rather than a flattening mechanism.  This substrate 
consists of evenly spaced vertical 7 µm x 14 µm pillars as the equilibrium topography and bent 
pillars as the metastable topography (Figure 8a).  Scanning electron microscopy confirmed that 
the high aspect ratio pillars exhibited a bending motion on programming rather than a flattening 
motion (Figure 8b).  As this metastable substrate is heated from room temperature to Ti = 50 °C, 
the pillars unbend towards their equilibrium, vertical state.  Upon cooling from that temperature, 
the pillars re-bend in a return towards their metastable state (Figure 9).  The ability to program a 
variety of movements (e.g. flattening, bending, or twisting, etc.) in one polymer is one of the 
chief advantages of shape memory and reversible shape memory processes.   
 
Figure 8: (a) Schematic illustrating the dimensions and bending mechanism of 7 x 14 µm pillar 
equilibrium and metastable topographies programmed for RSM.  (b) SEM images of the pillar 
substrates in equilibrium and metastable states. 
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Figure 9: Light microscopy images confirm the reversible bending and unbending of the pillar 
topography with partial melting and subsequent cooling over multiple cycles.  
 
2.4 Conclusions 
 We have shown that reversible shape memory, a technique only investigated in 
macroscale objects, is feasible and effective for topographic transformations on the microscale.  
Using widely accepted soft lithography techniques to pattern a semi-crystalline elastomer with 
microscale features provides the means to access substrates with switchable topographies upon 
reversible actuation of the features.  We have shown that it is possible to modulate surface 
wetting by cycling between equilibrium and metastable topographies, and that wetting 
differences can be modulated with topography.  Furthermore, although the pendant azide groups 
of the polymer backbone were not utilized in this work, their inclusion allows for 
postfunctionalization of a surface with various alkyne functional groups, permitting further 
substrate tunability.  Because RSM is accessible with any semi-crystalline polymer with a broad 
melting transition, this technique may prove to be broadly applicable for a number of 
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applications requiring different materials, and in particular for applications requiring modular 
roughness, wetting, or adhesion.   
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CHAPTER 3: A REUSABLE POLYESTER ADHESIVE WITH TUNABLE MECHANICAL 
PROPERTIES CAPABLE OF CONTROLLED DEGRADATION 
 
3.1 Introduction 
 Although humans have utilized adhesives for thousands of years, during the last century 
their variety and capabilities have expanded dramatically. Today, adhesives are used in almost 
every facet of our lives—in our homes, in the workplace, and in our transportation technology.1 
Categories include pressure-sensitive adhesives, structural adhesives, and hot-melt adhesives 
based on a variety of thermoset and thermoplastic polymers.2 Recently, attention has turned 
towards developing adhesives capable of bonding and debonding on demand, for applications 
such as modular crafting adhesives and the painless removal of wound dressings.3 Rebondable 
adhesives are particularly attractive to the manufacturing industry, where they could find utility 
in repairing complex joints remotely without complete system disassembly, and could also be 
used to facilitate easy materials separation during recycling processes.4 Furthermore, because 
rebondable adhesives are inherently reusable, their implementation has the potential to minimize 
unnecessary materials production and waste and promote “green” practices. 
 There are a number of techniques for accessing reversible adhesion, including pressure-
sensitive adhesives, which adhere to surfaces with non-covalent interactions at room temperature 
under light pressure,5 and structural adhesives, which are bio-inspired materials that mimic the 
micro- and nano-scale surface textures present on gecko feet and other organisms for reversible 
adhesion to smooth surfaces.6,7 Supramolecular polymers that can reversibly depolymerize and 
repolymerize in response to stimuli can also promote reversible adhesion.8,9 Recently, 
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Heinzmann et al. reported the first example of bonding and debonding on demand in response to 
applied UV-light of a supramolecular adhesive, consisting of linear poly(ethylene-co-butylene) 
(PEB) endfunctionalized with supramolecular ureidopyrimidinone (UPy) moieties.10 
 Here, we report a supramolecular polyester adhesive capable of bonding and debonding 
on demand as well as controlled degradation and tunable mechanical properties. We utilize the 
amorphous, low Tg polyester poly(butylene malonate) (PBM), which is rebondable using thermal 
stimuli and susceptible to controlled degradation via ester hydrolysis. We examine the effect of 
PBM molecular weight on thermal and mechanical properties of these adhesives, and show that 
adhesive performance may be optimized by tuning the parameters of crystallinity and adhesive 
thickness. Furthermore, because these polyester-based materials discussed here are susceptible to 
controlled degradation through ester hydrolysis, these or similar polyester adhesives could prove 
useful for applications requiring only temporary adhesion such as bioadhesives11 and adhesives 
containing bioactive agents.12,13 
3.2 Experimental Methods 
3.2a Materials 
 Diethyl malonate (Sigma Aldrich, ≥ 98%), cis-2-butene-1,4-diol (Sigma Aldrich, 97%), 
dibutyl tin dilaurate (Sigma Aldrich, 95%), hexamethylene diisocyanate (Sigma Aldrich, ≥ 99%), 
2-amino-4-hydroxy-6-methylpyrimidine (Sigma Aldrich, 98%), and diethyl ether (VWR ≥ 99%),  
were used as received.  Chloroform (99.9%, extra dry over molecular sieves) was passed over a 
column of basic alumina to remove acidic impurities before use. Poly(ethylene-co-butylene) 
(PEB) was generously donated by Total Cray Valley R&D.   
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3.2.b Methods 
 1H-NMR spectra were recorded in CDCl3 using a Bruker AVANCE 400 MHz 
spectrometer, and signals are referenced against residual CHCl3 at 7.26 ppm. Thermogravimetric 
analyses (TGA) were conducted on vacuum-dried samples under N2 on a Perkin Elmer Pyris 1 
thermogravimetric analyzer (TGA) with a heating rate of 20 °C/min from 25 °C to 550 °C. The 
reported thermal transitions were calculated from the second heat of a heat-cool-heat temperature 
sweep on a TA Instruments Q200 differential scanning calorimeter (DSC), using a heating rate 
of 10 °C/min and a cooling rate of 5 °C/min. Tensile testing at a rate of 1 mm/min of bulk films 
and adhesive joints were performed at room temperature on an Instron 5566 Universal Testing 
Machine equipped with a 10 kN static load cell and screw side action grips with rubber coated 
faces. The reported Young’s modulus and shear stress data of the dogbone samples (dimensions 
of central part 20 x 10 mm of various thicknesses) and adhesive joint samples (dimensions of 25 
mm x 10 mm of various thicknesses) are the average of n = 5 samples.    
3.2.c Synthesis 
 Poly(butylene malonate) (PBM) Diethyl malonate (40.0 g, 249.7 mmol, 1 equiv.) and 
cis-2-butene-1,4-diol (22.2 g, 252.2 mmol, 1.01 equiv.) were added to a cool, dry round bottom 
flask equipped with a magnetic stirbar. The flask was purged with argon for 45 minutes, and then 
heated to 150 °C.  Dibutyltin dilaurate (79 mg, 0.125 mmol, 0.0005 equiv.) was added to the rb 
and the reaction stirred under argon for 2 h. During this time, ethanol byproduct collected in the 
argon inlet was periodically removed. After 2 h, the pressure was slowly reduced over 8 h to 0 
torr, and the reaction was continued for 48 h. The resulting polymer was precipitated into cold 
diethylether (-78 °C ) and dried under reduced pressure at 40 °C for 24 h, to yield 38.8 g of a 
light yellow, rubbery solid. 1H NMR (400 MHz, CDCl3): δ 5.92-5.88 (m, HOCH2CH–), 5.83-
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5.75 (m, –OCH2CHCHCH2O–), 5.69-5.64 (m, HOCH2CHCH–), 4.80-4.74 (m, –
CH2CHCHCH2O–), 4.69-4.67 (m, HOCH2CHCHCH2O–), 4.29-4.26 (t, HOCH2–) 3.42 (s, –
(C=O)CH2(C=O)–).  The molecular weight of PBM was controlled by varying the excess of cis-
2-butene-1,4-diol. 
  (2(6-isocyanatohexylaminocarbonyl-amino)-6-methyl-4[1H]pyrimidinone (UPy-
NCO) 2-amino-4-hydroxy-6-methylpyrimidine (50 g, 399.6 mmol), and hexamethylene 
diisocyanate (456.33 g, 2,713 mmol) were added to an oven-dried rb equipped with a magnetic 
stirbar and heated at 100 °C for 16 h.  The reaction was then cool and pentane (2 L) were added 
to precipitate the UPy-NCO.  The product was filtered and washed with pentane (1 L) before 
drying at 50 °C for 16 h under reduced pressure to afford a crystalline solid (106 g).  1H NMR 
(400 MHz, CDCl3): δ 13.1 (s, CH3CNH), 11.9 (s, CH2NH(C=O)NH), 10.2 (s, 
CH2NH(C=O)NH), 5.8 (s, CH=CCH3), 3.3 (m, NH(C=O)NHCH2 + CH2NCO), 2.2 (s, 
CH3C=CH), 1.6 (m, NCH2CH2), 1.4 (m, CH2CH2CH2CH2CH2). 
 Ureidopyrimidinone endfunctionalized PBM (UPy-PBM) PBM (30.0 g, 11.9 mmol, 1 
equiv.) and UPy-NCO (14.0 g, 47.6 mmol, 4 equiv.) were added to a cool, dry rb equipped with 
a magnetic stirbar. The flask was evacuated and refilled with argon 3 times, and then CHCl3 (750 
mL) was added via cannula transfer. Dibutyltin dilauarate (35 mg) was added using a syringe, 
and the solution was stirred for 18 h at 60 °C. The solution was allowed to cool down to room 
temperature and 750 mL CHCl3 were then added and the reaction was filtered to remove 
precipitated side-products. Silica gel (10 g) and DBTDL (~10 uL) were added to the filtered 
solution and stirred at 60 °C for 1 h to remove excess UPy-NCO. Silica gel was then removed by 
filtration and the solvent was removed under reduced pressure. The product was dried under 
reduced pressure at 40 °C to afford a yellow-white solid. 1H NMR (400 MHz, CDCl3): δ 13.15 
 68 
(s, –CH3CNH–), 11.88 (s, –CH2NH(C=O)NH–), 10.15 (s, –CH2NH(C=O)NH–), 5.87 (s, –
CH=CCH3–), 5.80-5.78 (m, –OCH2CHCHCH2O–), 4.92 (s, –O(C=O)NH–), 4.80-4.74 (m, –
OCH2CHCHCH2O–), 4.14-4.09 (m, –NH(C=O)OCH2–), 3.43 (s, –(C=O)CH2(C=O)–), 3.29-3.24 
(m, –NH(C=O)NHCH2–), 3.18-3.15 (m, –O(C=O)NHCH2–), 2.25 (s, –CH3C=CH–), 1.65-1.23 
(m, –NHCH2(CH2)4CH2NH–). 
 Ureidopyrimidinone endfunctionalized PEB (UPy-PEB) was synthesized as already 
described before.14 
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3.3 Results and Discussion 
 
Figure 1: Synthesis, fabrication, and utility of UPy-functionalized poly(butylene malonate) 
adhesives capable of bonding and debonding on demand. (a) Synthesis of poly(butylene 
malonate) (PBM) and image of the viscous liquid product (b) endfunctionalization of PBM with 
ureidopyrimidinone moieties (UPy-PBM) and image of the solid product. (c) Fabrication of 
adhesive joints utilizing UPy-PBM adhesive. A melt-pressed film of UPy-PBM is first secured 
between two glass slides before heating at 150 °C for 30 - 90 seconds. (d) Still images from 
video showing the de-bonding of the supramolecular UPy-PBM adhesive with applied heat. (e) 
Schematic indicating the key features of a single-lap joint. 
 
 PBM was used because it fulfills key requirements for applications as a hydrolytically 
degradable supramolecular adhesive with tunable mechanical properties. First, this polymer has a 
low glass transition temperature (Tg) between -35 °C and -45 °C and is entirely amorphous 
(Table 1), so it is a scaffold well-suited for the rearrangements, diffusion, and re-entanglements 
required for dynamic supramolecular materials.15 Second, PBM is a linear, aliphatic and 
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amorphous polyester, and as such is susceptible to ester cleavage and thus polymer degradation 
in the presence of water.16-17 Third, because PBM is synthesized through step-growth 
polymerization, hydroxyl endfunctionalized telechelic oligomers of a variety of molecular 
weights may be accessed simply by varying the stoichiometry of the diethyl malonate and cis-2-
butene-1,4-diol monomers. For this work, we have synthesized PBM of three molecular weights 
for extensive study according to the synthetic route shown in Figure 1a, and we refer to them 
here as PBM 1.3k, PBM 5.4k, and PBM 7.6k. These molecular weights were determined with 
endgroup analysis of 1H NMR spectra (see Figures B1-B4 in Appendix B), and DSC analysis 
confirms that the Tg increases with molecular weight as predicted by the Flory-Fox equation 
(Table 1).18   
Table 1: Thermal Properties of PBM and UPy-BPM polymers 
Sample 5% (°C)a 10% (°C)a Tg (°C)b Tm (°C)b ΔH (J/g)
b 
PBM 
1.3k 369 403 -45.9 - - 
UPy-PBM 
1.3k 371 392 -33.9 71 5.7 
PBM 
5.4k 409 443 -37.0 - - 
UPy-PBM 
5.4k 390 420 -31.7 61 2.1 
PBM 
7.7k 403 427 -36.9 - - 
UPy-PBM 
7.7k 397 417 -32.7 - - 
PEB 
2k 452 492 -52.1 - - 
UPy-PEB 
2k 399 467 -44.5 56.3 1.5 
PEB 
3k x
c xc -54.2 - - 
UPy-PEB 
3k 487 x
c -49.3 50.1 1.0 
aDegradation temperatures determined by TGA heating in air at 20 °C/min. bGlass transition 
temperature, melting temperature, and enthalpy of melting determined by DSC, second heat at a 
rate of 10 °C/min. cNot measurable, as the material decomposes above 550 °C. 
 
 Endfunctionalization of PBM with UPy-NCO according to the synthetic route shown in 
Figure 1b yields telechelic PBM oligomers bearing terminal UPy functional groups, which are 
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here referred to as UPy-PBM. This modification is confirmed by 1H NMR (see Figures B5-B7 in 
Appendix B) and is accompanied by a physical change in the material from a viscous liquid to an 
elastic solid (Figures 1a and 1b) due to end-to-end UPy dimerization and lateral aggregation of 
the dimers resulting in supramolecular cross-linking of the material.14,19,20 
 The first step to fabricating adhesive joints utilizing UPy-PBM as an adhesive was melt-
pressing the crude product (Figure 1b) to generate a film of approximately 150 µm thickness. A 
10 mm x 25 mm rectangle was then excised from the melt-pressed film and secured between two 
glass slides and cured at 150 °C and cured for 30 – 90 seconds depending on the desired 
adhesive thickness (Figure 1c). These adhesive joints are mechanically robust at room 
temperature, but quickly debond at elevated temperatures due to dissociation of the dimerized 
UPy moieties and the resulting depolymerization of the supramolecular telechelic oligomers 
(Figure 1d).   
 It has been well established in previous studies that the strength of an adhesive is 
inversely related to its thickness, and although numerous theories have been proposed, the 
reasons for this phenomenon are not well understood.21-24 In many cases, however, single-lap 
shear joints behave according to the shear lag model developed by Volkersen,25 and their 
properties follow the relationship described in Equation 1, where τ is the maximum shear stress, 
ta is the adhesive thickness, and Ga is the adhesive modulus.26  
         Equation 1 
 Figure 2a shows representative stress-strain plots for single lap joints containing UPy-
PBM 1k adhesives between 11 and 71 µm in thickness, and the inverse relationship between 
thickness and maximum shear stress indicates that the UPy-PBM adhesive joints investigated in 
τ =
Ga
ta
(u2 −u1)
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this study behave according to the shear lag model. As such, adhesive thickness may be used as a 
parameter to tune the overall mechanical properties of adhesive joints containing UPy-PBM. In 
Figure 2b, this inverse relationship is apparent when maximum shear stress is plotted with 
respect to adhesive thickness (“UPy-PBM 1k, Bond #1”). In the present study, the cure time at 
150 °C was varied between 30 and 90 seconds in order to manipulate the adhesive thickness. It 
was also observed that the cure time influenced the failure mode of the UPy-PBM adhesives: 
shorter cure times promoted thicker adhesives with an adhesive failure mode, and longer cure 
times led to thinner adhesives with a cohesive failure mode (Figure B8). 
 After fracture occurred during stress-strain testing, each joint was rebonded according to 
the same curing process described in Figure 1c and tested again (Figure 2b, “UPy-PBM 1k, 
Bond #2). The mechanical behavior of the re-bonded joints is similar to that of the original joints 
indicating that no significant change in the adhesive has occurred. A third rebonding cycle of 
each of these joints confirms that the mechanical properties are consistent after a third cure as 
well (Figure 2b, “UPy-PBM 1k, Bond #3”). This data indicates that UPy-PBM adhesives can be 
reused for multiple bonding events. During each successive curing step, however, some UPy-
PBM adhesive is pressed outside of the joint area, resulting in a decrease in thicknesss. These 
adhesives therefore cannot be used to make an infinite number of joints, unless all material is 
recovered and recycled. 
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Figure 2: Adhesive thickness and joint maximum shear stress are inversely related. (a) 
Representative stress-strain plots of UPy-PBM 1k adhesive joints of varying thicknesses. Strain 
rate = 1 mm/min. (b) Maximum shear stress of UPy-PBM 1k adhesive joints after the initial cure 
(black squares), the second cure (striped squares) and third cure (white squares) plotted with 
respect to adhesive thickness.  
 
 As shown in Equation 1, the maximum shear stress τ is directly proportional to the 
Young’s modulus (E) of the adhesive, a variable that is tunable via the molecular weight of 
PBM.  It has been well established that the modulus E of a given polymer is a function of its 
crystallinity,27 and in the case of the UPy-PBM adhesives studied here, the crystalline character 
0"200"
400"600"
800"1000"
1200"1400"
1600"
0" 0.01" 0.02" 0.03" 0.04" 0.05" 0.06"
Stress"
(MPa)"
Strain"(mm/mm)"
11"microns"31"microns"41"microns"61"microns"71"microns"
0"200"
400"600"
800"1000"
1200"1400"
1600"
0" 20" 40" 60" 80" 100" 120" 140" 160"
Max."Sh
ear"Str
ess"(MP
a)"
Thickness"(μm)"
UPyCPBM"1k"Bond"#1"
UPyCPBM"1k"Bond"#2"
UPyCPBM"1k"Bond"#3"
A) 
B) 
 74 
is directly related to the molecular weight of the PBM. The prepolymer PBM is an amorphous 
polymer, and as such none of the PBM samples of any molecular weight exhibit a melting 
transition.28 Low molecular weight samples such as UPy-PBM 1k, however, have a different 
weight ratio of UPy moiety vs. polymer, with a significantly higher concentration of UPy units. 
The UPy units phase-separate from the polymer, and the additional dimerization of UPy units 
favors crystalline lamellae.29 Therefore, DSC data indicate that UPy-PBM 1k contains 
significantly more crystalline character and a higher Tm than the higher molecular weight 
samples (Figure 3, Table 1). Conversely, UPy-PBM 5.2k has a lower UPy ratio, which decreases 
the Tm and overall crystallinity. Likewise, UPy-PBM 7.6k contains even fewer UPy moieties, 
and does not exhibit any crystallinity.   
 
Figure 3: DSC data (second heat) for PBM 1k and UPy-PBM 1k (light grey), PBM 5.2k and 
UPy-PBM 5.2k (dark grey), and PBM 7.6k and UPy-PBM 7.6k (black).  PBM data is shown as 
a dashed line, and UPy-PBM data is shown as a solid line.   
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Table 2: Mechanical data of bulk UPy-PBM samples 
Sample  Young’s Modulus E (MPa) Max. Stress (MPa) 
UPy-PBM 1k 12.57 ± 1.31 0.86 ± 0.05 
UPy-PBM 5.2k 2.44 ± 0.65 0.40 ± 0.05 
UPy-PBM 7.6k 0.35 ± 0.09 0.11 ± 0.02 
Notes: Tested performed with n = 5 samples, extension rate = 1 mm/min  
 
 The differences in crystallinity are reflected in the representative stress-strain curves 
shown in Figure 4. The highly crystalline UPy-PBM 1k bulk material is the stiffest of the three 
samples, and has a Young’s modulus of 12.6 ± 1.3 MPa, while the UPy-PBM 5.2k and UPy-
PBM 7.6k samples exhibit successively lower moduli with decreasing crystallinity. As expected, 
the maximum stress achievable by each of these bulk materials also decreases with decreasing 
crystallinity (Table 2). For this work, we have also synthesized UPy-endfunctionalized 
poly(ethylene-co-butylene) (UPy-PEB), another amorphous polymer featuring an aliphatic 
backbone that was explored previously for stimuli-responsive adhesive applications.10 Both the 
UPy-PEB 2k and UPy-PEB 3k samples employed here are more extensible and exhibit higher 
maximum tensile stresses than the UPy-PBM samples, but their Young’s moduli are also 
inversely related to their molecular weight (see Figure B9 in Appendix B).   
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 s 
Figure 4: Representative stress-strain curves for bulk UPy-PBM 1k (light grey), UPy-PBM 5.2k 
(dark grey), UPy-PBM 7.6k (black). 
  
 The mechanical properties of the bulk UPy-PBM samples are reflected in the 
performance of adhesive joints utilizing these materials. In Figure 5, the yield stress is plotted 
with respect to thickness for joints comprising UPy-PBM of a variety of molecular weights and 
thicknesses. For any investigated adhesive of a given thickness, those of a higher crystallinity 
yield at a higher maximum shear stress than the higher molecular weight UPy-PBM samples, and 
this data indicates that the mechanical properties of joints utilizing UPy-PBM are tunable via the 
variables of thickness and molecular weight.   
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Figure 5: Effect of UPy-PBM molecular weight and adhesive thickness on maximum shear stress 
for adhesive joints utilizing UPy-PBM 1k (light grey), UPy-PBM 5.2k (dark grey) or UPy-
PBM 7.6k (black) as the adhesive. 
 
 The UPy-PEB adhesives exhibit similar trends in mechanical properties (see Figure B10 
in Appendix B). Unlike UPy-PEB, however, UPy-PBM adhesives are also degradable through 
ester hydrolysis at elevated temperatures, paving the way for possible applications in recyclable 
adhesives. The degradation of UPy-PBM 1k and UPy-PBM 7.6k in water at 50 °C was 
compared to that of the aliphatic UPy-PEB 2k and UPy-PEB 3k samples (Figure 6). The UPy-
PEB samples showed minimal mass loss even after 42 days, which is to be expected since PEB is 
quite hydrophobic and does not contain any functional groups susceptible to hydrolysis. The 
UPy-PBM 1k experiences minimal degradation, likely due to its high degree of crystallinity, 
which is a factor known to inhibit hydrolysis.30 Entirely amorphous polyesters are much more 
susceptible to hydrolysis, and the UPy-PBM 7.6k experiences a significant mass loss over the 
time period studied.   
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Figure 6: Mass loss via hydrolysis for UPy-PBM and UPy-PEB samples.  Samples incubated in 
DI H2O at 50 °C.  Error bars calculated for n = 3 samples. 
 
3.4 Conclusions 
 We have shown that poly(butylene malonate), endfunctionalized with supramolecular 
ureidopyrimidinone units, can be used as a robust stimuli-responsive adhesive. UPy-PBM can be 
synthesized in a variety of molecular weights by controlling monomer stoichiometry, and is 
easily fabricated into adhesive joints using a thermal curing technique. We have shown that UPy-
PBM adhesive joints can be bonded and debonded on demand multiple times, and that it is 
possible to modulate the mechanical properties of UPy-PBM adhesive joints by controlling the 
concentration of crystallizable UPy units. Furthermore, UPy-PBM is degradable through ester 
hydrolysis in warm DI H2O, making it attractive for applications requiring temporary adhesion.   
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CHAPTER 4: AN ANISOTROPIC LIQUID CRYSTALLINE POLYMER ELECTROLYTE 
COMPOSITE 
 
4.1 Introduction 
 Today, lithium batteries play a large role in our society, and are necessary components 
for the function of our communications, entertainment, and computation systems.1 Due to this 
large-scale implementation of lithium batteries, it is more important than ever to ensure that this 
technology is safe and nonhazardous.  Traditional liquid electrolytes used in lithium batteries 
typically contain volatile and flammable organic small molecules,2 often a mixture of alkyl 
carbonates that is thermally unstable at battery operating temperatures.3,4 Due to these safety 
concerns, attention has recently turned to the replacement of liquid electrolytes with more stable 
solid polymer electrolytes possessing adequate ionic conductivity and mobility, sufficient 
mechanical properties, and a large electrochemical window in order to compete with existing 
technology.2  
 Much research has focused on using poly(ethylene glycol) (PEG) as a solid polymer 
electrolyte due to its ability to solvate and mobilize a large number of lithium salts.5,6 Although 
the exact mechanism for ion mobility in PEG is not well understood, it is well-established in the 
literature that appreciable ion mobility only takes place in amorphous regions of the polymer and 
that the crystalline regions are nonconducting.2,7,8 In order to produce solid polymer electrolytes 
with both high conductivity and robust mechanical properties, it is therefore attractive to attempt 
composite formation of amorphous PEG with a more robust polymer that can a) provide high 
mechanical integrity and b) inhibit PEG crystallization.  Researchers have put forward a variety 
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of strategies for making these robust, conductive PEG-based solid polymer electrolytes, 
including composites with block copolymers,9,10 nanoparticles5,11 and liquid crystalline 
polymers.12  In the present work, a strategy for fabricating composites of poly(2,2’-disulfonyl-
4,4’-benzidine terephthalamide) (PBDT) with PEG for solid polymer electrolyte applications is 
reported.  PBDT is synthesized as both the Na+ polyanion (Na-PBDT) and the Li+ polyanion (Li-
PBDT) and can be formulated into nematic liquid crystalline composites with PEG 300.  We 
present morphological analysis and initial diffusion data for mobile small molecules species in 
these systems.   
4.2 Experimental Methods 
4.2.a Materials 
Terephthaloyl chloride (Sigma-Aldrich, ≥99%) isophthaloyl chloride (Sigma-Aldrich, 
≥99%), sodium carbonate (Sigma-Aldrich, ≥99.0%), poly(ethylene glycol) of Mn ≅ 300 g/mol 
(PEG 300, Sigma-Aldrich), lithium chloride (Sigma-Aldrich, ≥99.0%), sodium hydroxide 
(Fisher, 50% solution), hydrochloric acid (Fisher), silver nitrate (Sigma-Aldrich, ≥99.0%), 
potassium chromate (Fisher, 99+%), and bis(trifluoromethane)sulfonamide lithium salt (Sigma-
Aldrich) were used as received.  2,2-Benzidinedisulfonic acid (Alfa Aesar, with 30 wt% water) 
was recrystallized according to a previously reported procedure.13 Solvents were purchased from 
VWR International and used as received.  
4.2.b Aramid Syntheses 
 Poly(2,2’-disulfonyl-4,4’-benzidine terephthalamide) with Na+ counterions (Na-
PBDT) was synthesized according to a previously reported interfacial polymerization.14,15  
 Poly(2,2’-disulfonyl-4,4’-benzidine terephthalamide) with Li+ counterions (Li-
PBDT) was obtained via dialysis of Na-PBDT. The Na-PBDT (2 g, 7.7 mmol -SO3Na units) was 
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dissolved in 650 mL DI H2O with LiCl (32.64 g, 770 mmol) and the solution was transferred into 
presoaked and rinsed dialysis bags (MWCO 6-8 kDa).  The solutions were dialyzed against 7.5 L 
DI H2O for 10 days and DI H2O was changed every 24 hours.   Purity was determined according 
to Mohr’s method by titration of Na+ with AgNO3 using a K2CrO4 indicator. 
 Poly(2,2’-disulfonyl-4,4’-benzidine isophthalamide) with Na+ counterions (Na-PBDI) 
was synthesized according to a previously reported interfacial polymerization.14,15 
4.2.c Composite Fabrication 
 Composite film fabrication was carried out according to the following general procedure: 
For a 10 wt% Na-PBDT composite with respect to PEG 300, 0.2 g Na-PBDT and 1.8 g PEG 300 
were dissolved in 4 mL DI H2O and drop cast on glass plates that had been cleaned with acetone 
and chloroform.  The plates were dried at 40 °C for 24 hours, and then dried under vacuum at 40 
°C for another 24 hours.   
 Composite solution fabrication was carried out according to the following general 
procedure: For a 20 wt% Na-PBDT solution with respect to PEG 300, the following were 
combined: 20 mg Na-PBDT, 80 mg PEG 300, and 400 µL DI H2O. For samples subjected to 
PFG NMR diffusion analysis, 1 drop D2O was also added. 
4.2.d Characterization 
 Inherent viscometry and gel permeation chromatography (GPC) were employed to 
determine aramid molecular weights.  GPC measurements were performed using a Shimadzu 
Prominence GPC system equipped with a Shimadzu LC-20AD pump, Agilent PL-aquagel-OH 
MIXED-H column and a refractive index detector.  The eluent used was water containing 0.2 M 
NaNO3 and 0.01 NaH2PO4.  A total of eight Pullulan (polysaccharide) standards (Shodex P-82) 
in the molecular weight (Mp) range 5,000-800,000 g/mol were used to calibrate the instrument.  
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All PBDT samples were dissolved in water at a concentration of 0.5 mg/mL and filtered through 
a 0.45 µm PTFE filter prior to a GPC run.  The GPC measurements were performed by injecting 
20 µL of the filtered polymer solutions.  
 In addition, inherent viscosity (ηinh) values were obtained for Na-PBDI, Na-PBDT and 
Li-PBDT (Figure 1).  For each sample, 0.1 g of dry sulfonated aramid was dissolved in 20 mL 
DI H2O to yield a solution with a concentration of 0.5 g/dL and analyzed with an Ubbelohde 
dilution viscometer.  The time necessary for the solution to traverse the marked capillary was 
recorded as t1 and the time necessary for DI H2O to do the same was recorded as t0.  ηinh was 
determined with Equation 1 as an average of n = 3 trials each for solution and H2O, with the 
solution concentration c = 0.5 g/dL. 
ηinh =
1
c ln
t1
t0
          Equation 1 
 Thermogravimetric analyses (TGA) were conducted on vacuum-dried samples under N2 
on a Perkin Elmer Pyris 1 thermogravimetric analyzer with a heating rate of 20 °C/min from 25 
°C to 550 °C.  The reported thermal data were obtained from the second heat of a heat-cool-heat 
temperature sweep on a TA Instruments Q200 differential scanning calorimeter (DSC), using a 
heating rate of 10 °C/min and a cooling rate of 5 °C/min. 
 Polarized optical microscopy (POM) images of bulk aramids were obtained using a 
Nikon Microphot-PX microscope equipped with a Sony CCD-IRIS/RGB color video camera. 
POM images of Na-PBDT composites were obtained using a Nikon Eclipse E600 microscope 
using equipped with a Nikon DS-Fi2.  
 Energy dispersive spectroscopy was performed on a INCA PentaFET –x3 EDS from 
Oxford Instruments installed on a Hitachi S-4700 Cold Cathode Field Emission SEM. 
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 Diffusion measurements were obtained by applying pulsed-gradient stimulated-echo 
sequence at 25 °C.  Bruker Avance III WB 400 MHz NMR was equipped with Diff 60 pulsed-
field-gradient diffusion probe with a maximum gradient value of 2000 G/cm (at 34 A current) 
along the Z axis.  The coils include 5 mm 1H/2H, 7Li, and 23Na in order to obtain the diffusion 
coefficients of different mobile species. All parameters for the gradient have been calibrated and 
optimized as previously reported. The NMR signal attenuation due to diffusion follows the 
Stejskal-Tanner equation (Equation 2), where I and I0 refer to the spin-echo signal intensity and 
spin-echo intensity at zero gradient, respectively. γ is the gyromagnetic ratio of the nucleus, g is 
the gradient strength, δ is the pulse duration time and Δ is the diffusion time.  Thus, diffusion 
coefficients (D) of a desired nucleus can be obtained by fitting the experimental I vs. g data using 
Equation 2. 
I = I0e
−Dγ 2g2δ2 (Δ−δ3 )          Equation 2 
4.3 Results and Discussion 
 The sulfonated aramid polyanion Na-PBDT was synthesized in an interfacial Schotten-
Baumann polymerization of 2,2-benzidinedisulfonic acid (BDSA) and terephthaloyl chloride 
(TPC) using PEG 300 as a phase transfer catalyst and Na2CO3 to neutralize the hydrochloric acid 
byproduct from the polycondensation process.  The polymerization of BDSA in the aqueous 
phase and TPC in the organic phase was achieved with vigorous mechanical stirring, and 
resulted in Mw/Mn > 5, common for interfacial polymerizations (Table 1).17,18 The isotropic 
aramid Na-PBDI was also synthesized through interfacial polymerization using a slightly 
different solvent system (Figure 1).  
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Figure 1: Synthesis of sulfonated aramid electrolytes (a) Na-PBDT and (b) Na-PBDI through 
interfacial polymerization, and (c) Li-PBDT via dialysis of Na-PBDT. 
 
 The inherent viscosity of Na-PBDI is significantly lower (ηinh = 1.06 dL/g) than that of 
Na-PBDT (ηinh = 3.03 dL/g) because the former is anisotropic and the latter forms a lyotropic 
nematic liquid crystal when formulated at 0.5 g/dL in DI H2O.  This difference is illustrated 
using polarized optical microscopy (POM). The samples shown in the POM image of Figure 2a 
are bulk films of Na-PBDT and Li-PBDT, and exhibit classic nematic textures.  In contrast, 
Figure 2b is a POM image of Na-PBDI, an isotropic material.  
 
Figure 2: Polarized optical microscopy images of (a) Na-PBDT, (b) Na-PBDI and (c) Li-PBDT. 
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Table 1. Inherent viscosity and gel permeation chromatography data for the sulfonated aramids. 
Sample ηinh (dL/g)a Mn (g/mol) Mw (g/mol) (Mw/Mn) 
Na-PBDI 1.06 - -  
Na-PBDT 3.03 100,800 584,000 5.80 
Li-PBDT 3.06 128,500 518,200 4.03 
aValues are an average of n = 3 samples.  
 
 Li-PBDT was then synthesized via dialysis of Na-PBDT with an excess of LiCl, allowing 
for ion exchange of Na+ for Li+ and removal of Cl- ions in one step.  In this process, porous 
dialysis tubing allows for Li+, Cl- and Na+ ion diffusion into the large DI H2O reservoir resulting 
in purification of the ion-substituted PBDT (Figure 3a).  In this work, the mass fraction of 
chloride ions present, as defined by Equation 3, was quantified using Mohr’s method of titration 
against AgNO3 in order to follow the progress of the purification.   
wt% Cl = mg Clmg Cl + mg PBDT        Equation 3 
Initially, the dialysis tubing contained a large weight percentage of the chloride ions (96.4 wt%), 
but after refreshing the DI H2O reservoir four more times the concentration had decreased to 1.8 
wt% (Figure 3b).  Although the DI H2O reservoir was changed two more times, the 
concentration of chloride ions after these washes was too dilute to detect using Mohr’s method.  
It can be assumed, however, that the final concentration of chloride ions after the seven total 
washes is ≤ 1.8 wt%. 
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Figure 3: (a) Schematic illustrating dialysis of PBDT in DI H2O. (b) The wt% of chloride ions 
present with respect to PDBT decreases with successive exchanges of the DI H2O reservoir.  
After five washing steps, the concentration of chloride ions is too small to detect using Mohr’s 
titration method, so wt% Cl is not calculated for the final two washing steps.   
 
 The ion exchange and purification processes were monitored by energy dispersive 
spectroscopy (Figure 4a, Table 2).  Due to its low atomic number, lithium cannot be detected 
directly with this method.  However, the signal corresponding to sodium Kα shell electrons is 
present in the spectrum for Na-PBDT only (Figure 4a), and it can thus be assumed that the 
replacement of Na+ with Li+ is near quantitative. Furthermore, the modest intensity of the signals 
corresponding to chloride electrons indicates that purification is nearly quantitative as well.   
Table 2. Energy dispersive spectroscopy data for sulfonated aramid samples. 
 Sample 
wt% Na-PBDT Li-PBDT 
C 47 53 
O 37 43 
Na 3 0 
S 11 4 
Cl 1 0.05 
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Figure 4: Energy dispersive spectroscopy data for (a) Na-PBDT and (b) Li-PBDT, as isolated via 
dialysis of Na-PBDT with an excess of LiCl.   
 
 Both Li-PBDT and Na-PBDT have a similar inherent viscosity as measured with an 
Ubbelohde viscometer and exhibit a high molecular weight when subjected to gel permeation 
chromatography (GPC) against polysaccharide standards (Table 1).  The GPC trace indicates a 
decrease in the amount of low Mn PBDT after dialysis, which may be due to diffusion of shorter 
PBDT polymer chains out of the semipermeable dialysis membrane (Figure 5).  Overall, 
however, the Mn and Mw obtained with GPC are fairly consistent before and after ion exchange, 
 91 
suggesting that there is little change in the hydrodynamic volume of PBDT when Na+ is replaced 
with Li+. 
 
Figure 5: Gel permeation chromatography trace of Na-PBDT (blue) and Li-PBDT (red). Li-
PBDT was obtained by dialysis of Na-PBDT, and the similarities in the molecular weight 
distributions of the two species indicate that there is no major change in the hydrodynamic 
volume of PBDT after ion exchange.  
 
 Each of the sulfonated aramid samples synthesized here are very hygroscopic, and in 
order to obtain optimal thermal data they must be dried under vacuum at 60 °C for 24 hours 
before measurement.  All, however, are very thermally stable and exhibit negligible weight loss 
when heated at 20 °C/min under N2 in a thermogravimetric analyzer (Figure C1 in Appendix C).   
Furthermore, in each species the rigid aromatic backbone precludes a glass transition (Tg) or 
melting transition (TK-N) in the temperature range below the onset of degradation, and as a result 
both these species only exist in a nematic glassy state when in bulk. Differential scanning 
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calorimetry confirms that no first or second order transitions take place in the usable temperature 
range for any of the species (Figure 6).   
 
Figure 6: Differential scanning calorimetry data for sulfonated polymaramid samples do not 
exhibit any thermal transitions. 
 
 Due to our interest in accessing anisotropic solid-state charge transfer materials from 
sulfonated aramids, we have fabricated composites of Na-PBDT and Li-PBDT with PEG 300 in 
a range of concentrations.  Over the course of our investigation, we have studied the 
morphological and film-forming properties of these materials, and are beginning to study their 
diffusion capabilities as well.   
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Figure 7: Polarizing optical microscopy images of composites of Na-PBDT with PEG 300.  The 
images of a) 40 wt% Na-PBDT, b) 33 wt% Na-PBDT, c) 25 wt% Na-PBDT and d) 20 wt% Na-
PBDT show that anisotropy decreases with increasing PEG 300 content.   
 
 The POM images of Na-PBDT/PEG 300 composites in Figure 7 show that as the 
concentration of PBDT decreases, the overall liquid crystalline (nematic) phase stability of a 
composite decreases as well.  The 40 wt% Na-PBDT in PEG 300 composite shown in Figure 7a 
displays a nematic texture throughout the imaging area, but the composites shown in Figure 7b-d 
appear to become phase separated, and contain smaller and smaller nematic droplets in an 
isotropic PEG 300 matrix. Each of these composites exhibits good film-forming properties 
(Figure 8); they are solid, yet flexible due to the presence of PEG 300.  Composites containing 
lower concentrations of PBDT ≤ 10 wt%, however, are more liquid-like and deposit PEG 300 
residues on surfaces after removal and are thus less suited to applications requiring solid-state 
charge carriers. 
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Figure 8: Images of composite films of Na-PBDT and PEG 300 including a) 10 wt% Na-PBDT 
in PEG 300, b) 20 wt% Na-PBDT in PEG 300, c) 30 wt% Na-PBDT in PEG 300 and d) 40 wt% 
Na-PBDT in PEG 300.  As the concentration of Na-PBDT increases, the films become more 
brittle and opaque.   
 
 Pulsed-field-gradient diffusometry NMR (PFG NMR) is a valuable and convenient 
technique to quantify transport properties of separate mobile small molecules adsorbed in porous 
materials such as ionic polymer composites, generally with accuracy and precision errors of < 
3%.19-21 PFG NMR was utilized here to measure 1H inversion-recovery (T1) and CPMG (T2) 
times as well as the diffusion coefficient D for each of the Na-PBDT/PEG composites shown in 
Figure 9.  When compared to PEG 300, all of the composites have slightly slower 1H diffusion, 
but on the same order of magnitude.  T2 is dramatically reduced in each of the composites in 
comparison to PEG 300 and T1 increases with increasing Na-PBDT content (Table 3).  23Na 
diffusion coefficients were also measured in two of these samples, and preliminary results 
indicated that 23Na diffusion in the Na-PBDT/PEG 300 composite solutions is much faster than 
1H diffusion in these solid-state films (Table 4).   
Table 3. 1H diffusion in Na-PBDT films with varying concentrations of Na-PBDT with respect 
to PEG 300   
Sample (wt% PBDT) T1 (ms) T2 (ms) D (10-10 m2/s) 
0 (PEG 300 only) 320 140 0.11 
10 450 5.6 0.06 
20 480 4.1 0.04 
30 560 5.9 0.04 
40 620 9.7 0.05 
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Table 4. 23Na diffusion in Na-PBDT solutions with varying concentrations of Na-PBDT with 
respect to PEG 300   
Sample (wt% PBDT) T1 (ms) T2 (ms) D (10-10 m2/s) 
20 11 9.6 4.2 
40 - - 5.7 
 
 PFG NMR was also utilized to quantify 7Li diffusion in solutions of Li-PBDT, PEG 300, 
and Li(NTf2) in DI H2O.  Li(NTf2) is a common dopant used in solid-state lithium ion batteries 
in order to improve ion mobility.  Further work needs to be done to characterize diffusion in 
undoped Na-PBDT and Li-PBDT solutions, but preliminary results indicate the diffusion of 7Li 
in the doped Li-PBDT/PEG 300 composite solutions is ca. 100x faster than the diffusion of 1H in 
Na-PBDT/PEG 300 composite films (Table 5).   
Table 5. 7Li diffusion in Li-PBDT solutions with varying concentrations of Li-PBDT with 
respect to PEG 300 and various concentrations of Li(NTf2) dopant 
Label Sample (wt% PBDT)a Mol% Li(NTf2)b D (10-10 m2/s) 
1 10 30 3.6 
2 10 100 4.0 
3 20 30 3.6 
4 20 100 3.9 
aExact formulations given in Appendix C 
bmol% given with respect to mol Li+ present in Li-PBDT 
 
 The doped Li-PBDT/PEG 300 composite solutions display interesting macroscale 
morphological properties (Figure 9).  Each of the 10 wt% Li-PBDT solutions with PEG 300 are 
liquids under standard conditions, regardless of the concentration of dopant.  However, 
increasing the concentration of Li-PBDT to 20 wt% with respect to PEG 300 causes an increase 
in the viscosity that is dependent on the concentration of dopant.  Sample 3 in Figure 10 contains 
20 wt% Li-PBDT and 30 mol% Li(NTf2) and is viscous.  Sample 4 contains the same 
concentration of Li-PBDT, but 100 mol% Li(NTf2) and is a gel. These observations suggest that 
in the solutions containing a higher concentration of Li-PBDT, the dopant is acting as an ionic 
crosslinking agent between Li-PBDT chains. 
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Figure 9: Solutions of Li-PBDT and PEG 300 in DI H2O.  Samples (1) and (2) contain only 10 
wt% Li-PBDT with various amounts of Li(NTf2) in DI H2O, and are liquids. Sample (3) contains 
a higher amount of Li-PBDT with 30 mol% Li(NTf2) and flows slowly.  Sample (4) also 
contains 20 wt% Li-PBDT, but with 100 mol% Li-PBDT, and is a gel. Exact formulations are 
given in Appendix C. 
 
4.4 Conclusions 
 The sulfonated aramid PBDT is potentially valuable as a non-flammable solid-state 
polyelectrolyte when formulated into composites with PEG 300. Na-PBDT can be synthesized in 
a simple interfacial polymerization by reacting terephthaloyl chloride and 2,2-
benzidinedisulfonic acid, and may be converted to Li-PBDT via dialysis with LiCL in DI H2O.  
These polymers are nematic lyotropoic liquid crystalline species that are highly thermally stable 
and form tough, flexible films when combined with PEG 300 at concentrations > 10 wt% Li-
PBDT or Na-PBDT.  We have begun to quantify diffusion in these materials with PFG NMR, 
and will continue using this characterization methodology with conductivity testing to learn more 
about their potential utility as solid polymer electrolytes.   
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CHAPTER 5: FUTURE RESEARCH DIRECTIONS 
 
5.1 Switchable Micropatterned Surface Topographies and Reversible Shape Memory 
 This investigation has proven the capability of poly(octylene adipate)-co-poly(octylene 
diazoadipate) (POAOD) to undergo reversible shape memory on repeated cycles of partial 
melting and subsequent cooling.  This reversible shapeshifting can be used to alter surface 
properties with changes in the microscopic topography of POAOD surfaces such as 
flattening/unflattening or bending/unbending of arrays of micropatterned features.   
 
Figure 1: A) Shape memory process for surfaces functionalized with propargyl alcohol. B) ATR-
FTIR of shape memory surfaces.  Dotted lines are spectra for unfunctionalized surfaces and 
feature a prominent azide peak ~2100 cm-1.  Surfaces functionalized with azide-alkyne “click” 
chemistry have smaller azide peaks.   
 
 Although it was not investigated here, there is also an opportunity to provide for 
reversible chemical switching between two surfaces by utilizing the azide moieties pendant on 
the POAOD backbone to perform azide-alkyne “click” chemistry (Figure 1).1  Brosnan et al. 
accomplished chemical switching of polyester surfaces via traditional, one-way shape memory 
(Figure 2),2 and there is potential for this work to be extended to reversible shape memory 
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surfaces, and have a dual chemical-physical reversible change.  In this way, azide 
functionalization would allow for further modification of surface properties during RSM 
actuation.   
 
Figure 2: Schematic illustration of chemical switching possible with reversible shape memory.  
The pendant azides are first functionalized using “click” chemistry, and then the surface is 
programmed for reversible shape memory.  Partial melting and subsequent cooling have the 
potential to enable a reversible chemical switch.   
 
5.2 Reusable Polyester Adhesives Capable of Controlled Degradation 
 In this work, we showed that a UPy-endfunctionalized polyester, poly(butylene malonate) 
(PBM) can be effectively utilized as a stimulus-responsive supramolecular adhesive capable of 
bonding and debonding on demand.  Because it is an amorphous polyester, PBM is also 
susceptible to degradation via ester hydrolysis and we have shown that its degradation profile 
may be tuned via molecular weight.  We have not yet analyzed the degradation byproducts of 
hydrolysis in order to confirm their chemical structure or potential toxicity.  Future work 
includes 1H NMR and LCMS analysis to identify degradation byproducts, and cytotoxicity 
studies of the degraded substrates and supernatant. The outcome of these experiments may 
indicate that a different low Tg polyester may be better suited to our goal of producing a reusable 
and recyclable supramolecular adhesive.  
 We also plan to investigate the variables of cure time and temperature during adhesive 
joint fabrication.  In order to save energy and limit thermal degradation, it would be ideal to 
utilize the lowest temperature and shortest cure time possible while still attaining the robust 
mechanical properties achieved in this system.   
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5.3 An Anisotropic Liquid Crystalline Polymer Electrolyte Composite 
 Over the course of this investigation, we have shown that poly(2,2’-disulfonylbenzidene 
terephthalamide) as its sodium salt (Na-PBDT) or lithium salt (Li-PBDT) may be fabricated into 
composites with PEG 300 to make tough, flexible films that are thermally stable and form a 
lyotropic nematic liquid crystalline texture.  Future work includes completing the pulsed-field-
gradient NMR testing that we have begun with Li-PBDT and Na-PBDT composite films and 
solutions in order to better understand the diffusion dynamics in these materials.  We will also 
perform Na+ and Li+ conductivity testing with an impedance analyzer in order to better 
understand ion movement, and analyze these results with respect to previously published data on 
PBDT systems.3 
 We will also fabricate films and solutions using a lower molecular weight hydrophilic 
phase such as diglyme in an effort to improve diffusion and conductivity, and perform all 
relevant characterization for this family of composites as well.   
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APPENDIX A: SUPPLEMENTAL MATERIALS FOR CHAPTER 2 
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Figure A1: 1H NMR of diethyl meso-2,5-diazoadipate 
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Figure A2: 1H NMR of poly(octylene adipate)-co-poly(octylene diazoadipate) 
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Figure A3: 1H NMR of methacrylate terminated poly(octylene adipate)-co-poly(octylene 
diazoadipate). Starting material endgroup signal is indicated. 
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APPENDIX B: SUPPLEMENTAL MATERIALS FOR CHAPTER 3 
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Figure B1: 1H NMR of PBM 1k 
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Figure B2: 1H NMR of PBM 5.2k 
 
 110 
Figure B3: 1H NMR of PBM 7.6k 
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Figure B4: Stacked 1H-NMR of PBM 1k, PBM 5.2k, PBM 7.6k. 
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Figure B5: 1H NMR of UPy-PBM 1k 
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Figure B6: 1H NMR of UPy-PBM 5.2k 
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Figure B7: 1H NMR of UPy-PBM 7.6k 
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Figure B8: Adhesive failure is favored in thicker adhesives.  Cohesive failure is favored in 
thinner adhesives. 
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Figure B9: Representative stress-strain curves for bulk UPy-PEB 2k (light blue), UPy-PEB 3k 
(dark blue). 
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Figure B10: Effect of adhesive thickness and molecular weight on maximum shear stress for 
UPy-PBM and UPy-PEB adhesives 
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APPENDIX C: SUPPLEMENTAL MATERIALS FOR CHAPTER 4 
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Formulations of Li-PBDT composite solutions described in Figure 10 and Table 5 
 
Sample 1: 10 wt% Li-PBDT and 30 mol% LiNTf2 
 
10mg Li-PBDT 
90mg PEG 
400µL H2O 
1 drop in D2O 
3.5mg LiNTf2 
 
Sample 2: 10 wt% Li-PBDT and 100 mol% LiNTf2 
 
10mg Li-PBDT 
90mg PEG 
400µL H2O 
1 drop in D2O 
11.8mg LiNTf2 
 
Sample 3: 20 wt% Li-PBDT and 30 mol% LiNTf2 
 
20mg Li-PBDT 
80mg PEG 
400µL H2O 
1 drop in D2O 
7.06mg LiNTf2 
 
Sample 4: 20 wt% Li-PBDT and 100 mol% LiNTf2 
 
20mg Li-PBDT 
80mg PEG 
400µL H2O 
1 drop in D2O 
23.5mg LiNTf2 
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Figure C1: Thermogravimetric analysis of aramids at 20 °C/min under N2 shows that only 
weight loss is due to water loss between 50 °C and 150 °C for all species.   
